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Management of legacy nuclear waste, along with proposed geologic disposal of 
commercial spent nuclear fuel, necessitates prediction of environmental fate and transport 
of actinide solid phases, which comprise a majority of long-lived waste products. 
Actinide dioxides are key for performance assessment due to their ubiquity throughout 
the nuclear fuel cycle.  Neptunium-237, produced in burn-up of commercial nuclear fuel 
and various other nuclear processes, is often found as an oxide (NpO2(s)) and has the 
potential to become highly mobile in near-surface geochemical conditions due to 
oxidation processes.  In this dissertation, the oxidation and dissolution of NpO2(s) was 
studied through both field and laboratory scale work, confirming conceptual models 
across large spatial scales.  Overall, the objective of this dissertation was to determine the 
dissolution mechanisms of NpO2(s) in environmentally relevant conditions.  Initial field 
scale studies of NpO2(s) dissolution and transport in field lysimeters over 0.8 to 3 years 
identified mobility of Np in the vadose zone from both aqueous and colloidal Np.  
Subsequent laboratory scale work confirmed and developed a conceptual model of grain-
boundary facilitated dissolution through dissolution experiments and advanced 
characterization of the of NpO2(s) solid phase.  Finally, the effect of grain boundaries on 
NpO2(s) dissolution was further probed by controlling grain size through synthesis 
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Environmental chemistry of neptunium (Np) impacts performance assessment of 
legacy nuclear waste sites as well as potential geologic disposal of spent nuclear fuel due 
to long half-life (τ1/2) of isotopes such as 237Np (τ1/2 = 2.144 million years) and potentially 
high environmental mobility of oxidized Np species.  Neptunium was first produced in 
1940 by McMillan and Abelson1, and 237Np is produced in both civilian and military 
nuclear operations, with civilian reactor burn-up producing approximately 3 tons of 237Np 
per year2.  Over longer time scales, decay of 241Am (τ1/2= 432 years) increases the 
concentration of 237Np in spent fuel rods of civilian reactors3, making 237Np a long-term 
risk-driver for storage and potential disposal of spent nuclear fuel.  On the military side, 
237Np is used as a target for production of 238Pu, which is used for applications such as 
thermoelectric generators4, 5, and the majority of 237Np produced in the United States is 
found at U.S. Department of Energy (DOE) Savannah River Site (SRS) in South 
Carolina2.  237Np is produced through the following reactions1: 
 
U 238 (n, 2n) U 237 → Np 237   
 
U 235 (n, γ) U 236 (n, γ) U 237 → Np 237   
 




This work aims to build on the knowledge base of Np geochemistry, specifically 
on dissolution of NpO2(s), through a two-fold approach: field-scale applied transport 
studies in combination with bench and nanoscale fundamental chemistry experiments.   
The research has “top-down” approach, focusing initially on experiments at larger spatial 
and temporal scales, followed by increasing small spatial and temporal scales to decrease 
system variables and complexity (Figure 1.1). The field-scale experiments were designed 
to understand rate and extent of transport of Np in vadose zone conditions. Initial 
conceptual models predicted that Np transport would be controlled by a simple oxidation 
and dissolution of NpO2(s), but anomalous field data indicated dissolution mechanisms 
were more complicated than predicted and necessitated further study into the chemical 
processes.  Subsequent laboratory experiments were designed to focus on the dissolution 
mechanisms of NpO2(s) and the determine specific effects of microstructures on NpO2(s) 
dissolution, which are key reactions controlling environmental transport.  
 
 
Figure 1.1: Schematic of dissertation project organization. 
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Much of the existing literature on NpO2(s) and actinide oxide dissolution 
approaches work with a focus on the aqueous phase, such as concentration and 
speciation, but my work deliberately emphasizes the solid phase in dissolution.  While 
the solubility of actinide oxides is a vital parameter in performance assessment models, it 
fails to account for the potential differences in dissolution mechanisms.  Dissolution 
mechanisms of NpO2(s) may be affected by solid phase properties (i.e. morphology, 
crystallinity, surface area, particle size) as well as aqueous chemistry (solution pH, Eh, 
ionic strength), making this question more complicated than a single dissertation could 
answer.  The emphasis of my work is to develop targeted questions about dissolution 
mechanisms of different NpO2(s) morphologies and implications on environmental 
mobility of Np.  Detailed study of the solid surface, not just bulk dissolution properties, is 
crucial for resolution of observed discrepancies in aqueous phase data, for more accurate 
prediction of actinide solid phase dissolution and for more accurate performance 














Environmental Chemistry of Neptunium  
Neptunium in the Environment 
 While 22 known isotopes of Np exist, one of the most critical isotopes of 
environmental interest is 237Np because of its long-lived nature (t1/2 = 2.144 million 
years) and use in a variety of nuclear processes.  While neptunium was present in small 
amounts at the origin of the earth, almost all traces of primordial Np have decayed away6 
and the current environmental concern is due to man-made production in the 20th century 
and subsequent introduction into the environment.  Transuranic elements have been 
introduced into the environment through a variety of pathways, including nuclear 
weapons testing, reactor accidents, and processing plant releases6.  Of particular 
importance in the United States are government nuclear processing facilities such as U.S 
DOE Hanford and Savannah River sites, which have had known airborne and aqueous 
releases of U and Pu and have large quantities of stored aqueous waste in aging tank 
farms6, making legacy nuclear waste management a daunting task.  It is estimated that 
540-860 kg of plutonium are stored in the Hanford tanks, as compared to 50-100 kg of 
237Np in the same tanks6. While neptunium is not thought of as a major actinide 
contaminant in the environment like uranium or plutonium, which both have known 
“plumes” in groundwater, 40 TBq of 237Np have been released into the environment as a 
result of fallout from nuclear weapons testing6.  In addition to the possibility of 
environmental contamination from processing facilities in the United States or from 
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nuclear fallout, another potential avenue of introduction of neptunium into the 
environment is through storage and disposal of commercial spent fuel rods.  Long-term 
storage of spent fuel rods in a geologic repository could introduce neptunium or other 
actinides into the environment through dissolution of the spent fuel rods3.  Actinides such 
as plutonium and neptunium can be found within the fuel grain matrix as a substitution in 
the UO2(s) structure3.  After the first 100 years of storage, actinides comprise a majority 
of the activity remaining in spent fuel, with 237Np being the only isotope that increases in 
activity over time due to 241Am decay3.  A breach of fuel cannisters in the environment 
could result in large releases of actinides in groundwater and sediment, with 237Np 
becoming a contaminant of concern.  The risk associated with 237Np and other actinides 
in a spent fuel breach is extremely long-term, given the half-lives on the order of millions 
of years.  
The behavior of actinide elements, once introduced into the environment, is 
largely dictated by oxidation state7.  Actinides can exist in a range of oxidation states, 
with Np and Pu both ranging from 3+ to 7+ cations7.  In environmentally-relevant 
conditions, one would expect Np to have 4+ to 6+ as available oxidation states8.  Due to 
their instability in aqueous solution, higher oxidation states (5+ and 6+) tend to form 
actinyl ions in solution (An(V)O2+ or An(VI)O22+)7.  In very acidic solution, lower 
oxidation states are dominant, with higher oxidation states becoming available at neutral 
to alkaline conditions7.  
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The complexation affinity of actinides in solution, which is the tendency of an 
element to associate with a ligand, and sorption affinity, which is the bonding of an 
element with a surface, are governed according the oxidation state trend: 
 
An(IV) > An(VI) ≈ An(III) > An(V) 
 
This trend puts the oxidation states of actinide elements in order of decreasing effective 
charge on the central ion.  The An(VI) species has an effective charge of approximately 
3.2 when present as An(VI)O22+, while the An(V) species has an effective charge of 
approximately 2.2 when present as An(V)O2+ 7.   Due to the sorption affinity, subsurface 
transport has the exact opposite trend as presented above.  Those species which sorb most 
strongly to surfaces will be least likely to move through the subsurface.  Thus, An(IV) 
species are considered largely immobile in environmental conditions and An(V) species 
considered very mobile. With respect to the trend presented above, actinide solids are in 
order of increasing solubility, with An(V) solids being the most soluble and An(IV) 
solids being the least soluble.  Given the very insoluble nature of An(IV) solids, they are 
unlikely to dissolve in most aqueous systems and thus prevent transport of dissolved 
actinide species through the environment.  Conversely, An(V) solids are extremely 
soluble and can readily be dissolved and transported through the environment in aqueous 
systems, meaning species like NpO2+(aq) are primary hazards to consider in environmental 
risk assessment for actinides.   
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 Actinides tend to hydrolyze in aqueous systems due to their high electric charge9, 
reacting with water to form hydroxide complexes. Hydrolysis is an important chemical 
process governing aqueous environmental chemistry of actinides given that hydroxide 
forms the strongest ligand complexes with actinides, with the exception of carbonate in 
the alkaline pH range7. The tendency of actinide ions to hydrolyze also follows the trend 
above, with An(IV) ions hydrolyzing extensively, even at very low pH values. Hydrolysis 
of An(IV) ions is believed to play a large role in actinide colloid formation, which will be 
discussed in further detail in subsequent sections.  Np(IV) formation and hydrolysis 











Table 2.1: Neptunium(IV) formation and hydrolysis constants, adapted from Neck et al. (2001). 
Formation Constant Hydrolysis Constant 
log(𝛽𝛽°1) = 14.5 ± 0.2 log(𝐾𝐾°1) = 0.5 ± 0.2 
log(𝛽𝛽°2) = 28.3 ± 0.3 log(𝐾𝐾°2) = 0.3 ± 0.3 
log(𝛽𝛽°3) = 39.2 ± 1.0 log(𝐾𝐾°3) = −2.8 ± 1.0 
log(𝛽𝛽°4) = 47.7 ± 1.1 log(𝐾𝐾°4) = −8.3 ± 1.1 
 
 
 Vadose zone conditions, with neutral to slightly acidic pH values, and oxidizing 
conditions in the presence of air are used as the baseline for this work.  The vadose zone 
is a vital component of environmental sciences, since it is the main pathway for water and 
any contaminants to move between the ground surface and an aquifer11.  Contaminant 
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behavior and transport in the vadose zone directly affects recharge into aquifers and 
potentially subsequent mobility through an aquifer.  Because the vadose zone is in close 
proximity to the ground surface, it also can have major effects on the biosphere above.  
The study of actinide mobility in the vadose zone can help predict contaminant mobility 
from accidental releases of nuclear waste at the ground surface, such as reactor accidents 
or trench and surface water disposal of aqueous processing wastes, which could result in 
contaminant percolation through the vadose zone.  In the vadose zone or in surface 
waters, conditions are oxidizing due to presence of atmospheric oxygen.  In such 
conditions, neptunium would be expected to form primarily Np(V) complexes, 
particularly the neptunyl ion (NpO2+) in the absence of significant carbonate species12.  
Plutonium aqueous speciation is far more complex due to presence of multiple oxidation 
states and hydrolysis species in common environmental conditions8.  The complexity of 
plutonium redox chemistry makes environmental studies and prediction of migration 
more difficult, but the use of neptunium as an analogue can prove useful since it has 
fewer accessible oxidation states in environmental conditions.   
 
Field-Scale Transport  
 Field-scale data regarding environmental chemistry and transport of actinides 
provide key information for risk assessment in legacy nuclear waste management and 
potential geologic disposal of nuclear waste.  Laboratory scale data can provide 
parameters such as desorption coefficients (Kd), which describe the concentration ratio of 
contaminant sorbed to sediment to contaminant in the aqueous phase, diffusion 
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coefficients, which describes how quickly a contaminant could diffuse through available 
pore water, and solubility, which describes extent to which different solids can dissolve.  
In combination, these parameters can be used to predict potential environmental transport 
of actinides, but do not provide a true measurement of environmental transport.  
Laboratory scale data cannot match the unpredictability of a natural system, such as 
rainfall and temperature changes or sediment wetting and drying cycles.  Laboratory 
experiments can vary these parameters, but not with the random nature of a real 
environmental system. Also, competing parameters, such as sorption and advection, 
cannot always be evaluated with laboratory data.  Hence, field-scale studies are necessary 
to provide a more representative understanding of actinide chemistry and transport in the 
environment.   
The majority of the existing field-scale data on actinides in the environment is 
observations of environmental transport following accidental nuclear material releases. 
Of the studies of accidental releases, most focus on plutonium and americium.  Despite 
the predicted immobile nature of plutonium in the subsurface, as expected from high 
sorption affinity of Pu oxidation states present in natural conditions, a number of studies 
identified anomalous plutonium transport at field sites around the United States13-15, all of 
which attribute part or all of the observed plutonium transport to association with 
colloids.  A study in Russia outside the Mayak Production Facility also saw plutonium 
transport beyond expected levels, citing colloids as the reason for the atypical transport16.  
A difficulty in these studies is that they are retrospective.  The exact conditions at the 
time of contaminant release are often not known, including information about the actinide 
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source, as well as the environmental conditions.  Work by Penrose et al.15, Dai et al.14, 
and Novikov et al.16 present field data associated with releases of aqueous radioactive 
waste, and while some information about the volumes and activities released is recorded, 
more detailed information about initial solution conditions (pH, background media) and 
initial actinide speciation are not consistently available.  This poses a challenge from an 
environmental transport modelling or risk assessment standpoint and brings to light the 
importance of the “source term”, which describes the chemical and physical form in 
which an actinide enters the environment.  A source dependent material is one that is still 
in its original form that it was produced, such as solid actinide oxides, and can remain in 
this chemical/physical form for long periods of time until coming into equilibrium with 
the environmental conditions, while a source independent term is one which is in 
equilibrium with environmental conditions and responds to fluctuations in those 
conditions8.  There is mathematical importance to a source term, in the sense that one 
needs to be able to quantify the radioactive material introduced into the environment in 
order to determine the extent of transport, exposure, and risk. 
As early as the 1980s, speciation of Pu in surface and groundwater has been 
studied as a factor affecting transport17, but advances in techniques to investigate 
speciation in both aqueous and solid phases have resulted in far more knowledge of how 
actinide speciation affects transport.  A comprehensive study by Batuk et al. 18 explored a 
range of environmental samples with varying origin to understand the speciation of 
uranium and plutonium in the environment and whether sample origin affects 
environmental speciation.  Sites included in the study were Chernobyl, Hanford, Los 
 11 
Alamos, McGuire Air Force Base, Mayak Production Facility, and Rocky Flats.  Isolated 
particles from these six unique locations were analyzed using x-ray absorption studies, 
ultimately showing that speciation of actinides is dependent on initial source term and 
site conditions.  The authors also conclude that, while PuO2+x is the thermodynamically 
expected species in oxidizing conditions, as UO2+x is the observed species in nature, there 
are cases when novel species not in the PuO2+x form may be present18, further 
complicating environmental transport modeling.  This study further confirms the 
importance of the full characterization of an actinide source term in the environment.  
Since the work by Batuk et al. is retrospective as well, transformation mechanisms that 
produce the observed species are speculative without knowing the exact initial chemical 
and physical form of the material.  Thorough characterization of a source term needs to 
be emphasized in field-scale studies for the most accurate model development. 
 While the majority of field data are following accidental release scenarios and 
leave a number of questions regarding solid phase transformation mechanisms, rate of 
transport, and type of aqueous species transported, a novel set of studies at Savannah 
River Site were initiated in the 1980s to address the effects of the source term on 
transport of plutonium in the vadose zone, eventually expanding to address other 
radionuclides as well.  The studies employ field lysimeters as controlled a field 
experiment set-up.  A field lysimeter is a PVC pipe, typically 10-centimeters in diameter, 
packed with a known sediment and radioactive source19, exposed to natural 
meteorological conditions for periods of months to years to assess the environmental fate 
and transport of nuclear materials.  The first field lysimeter study began in the 1980s to 
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examine the effect of initial chemical form, particularly oxidation state, on transport of 
plutonium in the vadose zone20-22.  Major conclusions of this work were that transport of 
plutonium was limited, regardless of oxidation state of the source material, but release 
rates differed between sources and that both oxidation and reduction processes occurred 
in the sediment.  Subsequent studies also investigated the role of plant roots into observed 
upward transport of plutonium23, 24.  The unique aspect of the field lysimeter studies is 
that the initial source materials (both chemical and physical form) are known and well-
characterized, allowing researchers to have a complete picture of the effects of 
environmental exposure, rather than just a retrospective look as is the case for accidental 
release scenarios.  Field lysimeters present the opportunity to combine the variability of a 
natural system with the control of a laboratory experiment to provide the most reasonable 
estimates of field transport and chemistry for radionuclides.   
After the initial 11-year field study, a second set of field studies at Savannah 
River Site was initiated in 2012 to further probe vadose zone transport of not only 
plutonium, but other risk-driving radionuclides as well, such as 237Np, 99Tc, 133Ba, 60Co, 
137Cs, and 152Eu 19.  The new experiments, called the Radionuclide Field Lysimeter 
Experiment (“RadFLEx”), were designed to provide a more detailed version of the 1980s 
study, with the intention of having more replicates for more time points (2 years, 4 years, 
10 years)19 to better characterize changes in the source material and transport over time.  
Particularly novel in the RadFLEx project is the study of Np transport in the vadose zone.  
Field studies of neptunium are limited, with a majority of published neptunium transport 
 13 
work concerning diffusion of neptunium related to repository performance, particularly 
diffusion of Np(V) through various clay barriers12, 25-27.    
 
Colloid Transport  
 The formation of colloids in natural waters can also affect environmental 
chemistry and transport of actinides and presents a significant complication to field scale 
chemistry and transport.  The environmental behavior of colloidal species may differ 
from simple cationic species, requiring adjustment of environmental transport models8.  
Colloids are defined as particles with diameters less than 1µm28. In the literature, colloids 
have been broken into two categories- “intrinsic” and “pseudo”. The formation of 
“intrinsic” colloids occurs through hydrolysis of actinide cations and is most common for 
actinides in the (IV) oxidation state because An(IV) form insoluble actinide solids and 
have a strong tendency to hydrolyze, even at very acidic pH7.  The “intrinsic” colloids 
can be transported through the environment to varying degrees, depending on sorption to 
sediment.   Adsorption of actinide cations to inorganic or organic constituents in 
groundwater can form “pseudo” or “associative” colloids.  The (IV) oxidation state is 
also likely to form pseudo colloids due to its high sorption affinity to organic or inorganic 
matter7.  Material that would be the inorganic or organic constituent of a “pseudo” colloid 
is common in natural waters because aquifer materials, particularly clays, can break off 
into subsurface waters and become suspended constituents28.  In order for “pseudo” 
colloids to mobilize a contaminant, the colloids must not only be present, but must be 
stable and mobile in solution, and the colloid must bind with the actinide of interest29.   
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Colloids have been studied in the laboratory to better understand formation 
mechanisms and possible types of actinide colloids that may not have been observed yet 
in the environment.  Of particular interest are colloids formed from actinides in the (IV) 
oxidation state, since environmental mobility of An(IV) is limited due to high sorption 
affinity to geologic media29.  The potential formation of actinide (IV) colloids could 
mobilize species that were considered immobile in the subsurface and completely 
transform environmental transport models of actinides.  Main types of “intrinsic” colloids 
that have been studied in laboratory settings are oxyhydroxide, silica, and aluminosilicate 
An(IV) colloids, though evidence of particular “intrinsic” colloids in a real-world system 
is still limited and at times, controversial29.  Oxyhydroxide colloids are thought to be 
important because actinide oxyhydroxide species control the solubility of An(IV) in 
natural water29.  Formation of oxyhydroxide An(IV) colloids has been attributed to 
hydrolysis of ionic species, forming polynuclear species, and subsequent aggregation to 
larger colloidal species10, 30.  Silica colloids are also environmentally relevant due to the 
widespread presence of dissolved silica in ground and surface water, leading to formation 
of mobile actinide complexes with silica29, 31.  Further details on synthesis of actinide 
colloids are given in subsequent sections.   
A major challenge in identifying the role of colloids in contaminant transport is 
sampling techniques, since it is possible to disturb or destroy colloidal species during 
field sampling28.  Despite this challenge, studies have identified colloids as a driver of 
actinide transport in real field sites such as at the Nevada test site13, the Mayak 
Production Facility16, Los Alamos National Laboratory site15 and the Savannah River 
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Site14.  A different type of “colloid” presented in the review by Zanker and Henning29 are 
the “hot particles” from reactor accidents such as Chernobyl.  The “hot particles” are 
small pieces of the fuel matrix (UO2/ UO2+x), in a variety of morphologies, including 
spherical, rectangular, and granular aggregates, with sizes ranging from 1 to 100 um, 
depending on morphology32.  Such particles were distributed primarily by atmospheric 
transport, but the subsequent mobility and bioavailability of deposited particles in 
geologic media, surface water and groundwater are of the utmost importance.  The “hot 
particles” are very resistant to weathering and dissolution29.  Laboratory studies of 
Chernobyl “hot particles” identified dissolution rates, citing particle morphology, 
particularly available surface area, and level of oxidation at the surface, as the main 
parameters controlling dissolution rate33, 34.     
Recently, hot particles have also been identified in areas outside of the 
Fukushima-Daiichi power plant35, strengthening the need to understand colloidal and 
particulate matter in the environment not just from the perspective of mobility of the 
particle itself in the subsurface, but also from the perspective of mobility of actinides due 
to dissolution of a hot particle.   Hot particles create an additional source term in the 
environment36.  Weathering and dissolution of hot particles can remobilize radioactive 
material into the environment, but particles pose a risk to animal and human health 
whether dissolved or still in particulate form36.  Hot particles released from such 
accidents can be very heterogenous, with variation in chemical composition, morphology, 
and size37, making environmental assessment extremely difficult.   Due to this high 
heterogeneity and inability to create a single source term that describes them properly, 
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hot particles may be left out of environmental risk assessment or may create high 
uncertainty in models37, necessitating thorough characterization of potential colloidal and 
particulate phases that could be present in the environment for the most accurate 
assessments and models.   
 
Neptunium Dioxide 
  Actinide dioxides are common solid phases throughout various aspects of the 
nuclear fuel cycle on both commercial and military related processes.  In government 
nuclear processing facilities, actinide oxides are produced in mass, such as at the 
Savannah River Site, where NpO2(s) is produced on the HB-line during a process that 
purifies Pu and Np, produces Np- and Pu-oxalates, then calcines the oxalate products at 
temperatures ranging from 600-700 degrees Celsius to produce the oxide forms38, 39.  
Estimates of total United States military production of neptunium exceed 1-2 tons, with 
Savannah River site holding 294 kg of neptunium as of 19984.  The NpO2(s) produced at 
Savannah River Site is produced as a stable storage form for eventual transfer to Oak 
Ridge National Laboratory for 238Pu production5, 39, 40.  In the commercial nuclear fuel 
cycle, uranium oxide (UO2(s)) is the basis of nuclear fuel and constituents 95% of spent 
nuclear fuel, containing Pu and Np as substitutions in the oxide grains after burn-up in a 
reactor3.  Potential alteration and dissolution of spent fuel in a geologic repository due to 
presence of oxidizing sources, such as peroxide, oxygen gas, or oxidizing groundwater 
could result in environmental contamination3. Rough estimates show that 16,300 kg of 
237Np have been produced in United States commercial reactors, as of 20034.  Actinide 
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oxides such as NpO2(s) and UO2(s) are solubility limiting phases in the environment6, 
thus the dissolution of these solid phases is of paramount importance for predicting 
environmental transport of actinides in a geologic repository setting.   
 Oxides across the actinide series have important structural similarities, making 
comparison of chemical behavior possible.  Actinide dioxides all exhibit the cubic 
fluorite structure41.   Moving across the actinide series, the unit cell of the dioxide solid 
contracts slightly due to increasing number of f-electrons, but otherwise have similar 
physical properties, namely significant insolubility of the refractory solid41.  Oxidation 
and reduction of the actinide dioxides are possible, depending on accessible oxidation 
states of the element.   Uranium dioxide is most prone to oxidation, with oxidation 
occurring even in the presence of ambient temperature and air conditions, whereas 
plutonium and neptunium dioxide are thought to be stable in air41.   
 
Due to the high specific activity of transuranic isotopes and the propensity of 
plutonium and neptunium to undergo redox reactions in solution, much of the knowledge 
regarding actinide dioxide solids comes from work performed with thorium and uranium, 
which have lower specific activities, or Ce(IV), which is a non-radioactive analogue for 
An(IV) ions.  Thorium and cerium are advantageous given that they are non-redox active. 
Therefore, some of the review presented in this section contains not only existing 
information on neptunium oxide, but also specific details from other actinide dioxides 




 The standard method for production of NpO2(s) and other actinide dioxides is via 
calcination.  The method originated in the DOE complex for production of neptunium 
and plutonium oxide as stable solid phases39, 40 and is commonly referred to as “Porter’s 
Method”, given that the method was published first by Porter in 196442.  The method 
involves precipitation of a neptunium oxalate solid, following by drying of the oxalate 
and subsequent conversion to the oxide by calcining between 600-700 degrees Celsius.  
As mentioned earlier, this is the standard method still used on Savannah River Site’s HB-
line for NpO2(s) production.  Researchers studied the Pu-oxalate and PuO2(s) system 
extensively during the 1950s-1970s in an effort to isolate precipitation and calcination 
conditions that produced ideal and consistent structures in the final product43-47.  Similar 
efforts to control particle size and morphology have more recently focused on the Th-
oxalate and oxide system to produce ideal fuel types for a potential Th reactor48-50.  A 
clear consensus on the controlling parameters for morphology and particle size has not 
been reached, even decades later, largely due to the considerable number of parameters 
that can affect the solid phase precipitation.   An(IV) oxalates are highly insoluble51, 
which is why neptunium oxalate was chosen as the precursor for NpO2(s), as it is easy to 
precipitate42.  This high insolubility makes it difficult to control the precipitation, often 
resulting in massive, rapid precipitation as soon as reagents are mixed, necessitating 
methods to control of degree of supersaturation in solution to produce a more uniform 
product51.  Despite the difficulties in producing uniform particle size and morphology in 
actinide dioxides from oxalate precursors, it is still the most widely-accepted method for 
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producing NpO2(s) and is the standard for industrial-scale processes, given the ease to 
perform in batches.   
 NpO2(s) has also been produced through a number of other methods besides 
calcination, such as single crystal synthesis, nanoparticle synthesis, and solution 
precipitation.  Single crystals of NpO2(s) are grown through a chemical transport 
process52 as well as through a mild hydrothermal process53, while PuO2(s) single crystals 
are reported to grow using a high-temperature molybdenum flux54, 55.  While the single 
crystal synthesis methods produce large and easily-characterized solids, helping build 
confidence in unit cell parameters, typically only a few crystals are produced, making the 
synthesis non-ideal for subsequent experiments.   
 The synthesis of actinide nanoparticles is of considerable interest given the 
proven transport of colloidal actinides in the environment13, 14, 16.  As discussed earlier, 
nanoscale actinide materials have been synthesized, with particular focus on hydroxide-
based materials given the strong complexation of An(IV) to hydroxide and availability of 
hydroxide in the environment.  With hydroxide complexation in mind, most actinide 
colloid or nanoparticle (terms used interchangeably here on out) rely on hydrolysis of 
An(IV) solutions to form particles by titrating stock solutions to increasing high pH 
values to induce hydrolysis.  For example, Pu(IV) colloids are formed by titration of 
stocks to pH 0.3-1.530.  Ce(IV) colloids are produced by similar titration, with particle 
formation occurring as low as pH 0.556.   Np(IV) colloids are speculated to form during 
similar titration given that Np(IV) hydrolysis constants fall within this pH range (Table 
1).  Such Np(IV) colloids are reported to form at low pH, with hydrolysis products and 
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colloids detected using UV-VIS and LIBD10, but ex-situ physical characterization of 
particles was not performed in the study.  Np colloids are also identified in other studies 
using simple filtration methods57, but again, further characterization of colloids is 
lacking.  Another Np(IV) colloid study exploits carbonate complexation rather than 
hydroxide, given that it’s the second strongest complex for Np(IV), to form polynuclear 
complexes and subsequent particles58.  Another class of nanoparticle synthesis relies on 
templating agents to help form particles.  Examples of nanoparticle templating agents 
include citric acid59, hexamethylenetetramine60, or glycerol and urea61.   Nanoparticles 
formed with such templating agents are far less environmentally relevant given that it is 
unlikely to find sufficient quantity of the templating agent in a natural environment to 
form the particles of interest, potentially with the exception of citric acid.   
 The most commonly employed method for product of Np oxide is a rapid 
neutralization of acidic Np(IV) solutions to precipitate solid, which actually products a 
Np-hydroxide or amorphous hydrous oxide.  A majority of the dissolution and solubility 
studies presented in subsequent sections use a derivative of this method, given the ease of 
synthesis compared to calcination described above.  Typically, NaOH rapidly is added to 
Np(IV) solution in HClO4 or HCl to adjust pH to 8-10, or as high as 12, producing a solid 
precipitate10, 57, 62, 63.  Outside of powder x-ray diffraction (PXRD), no characterization is 
performed on these solids, and some present no published solid phase characterization, 
raising question on the actual solid that is produced.  A confounding factor in studying 
actinide oxides, particularly solubility, is the synthesis method and subsequent 
characterization of the solid phase.  The precipitation of a non-hydrated crystalline 
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actinide oxide requires calcination or other high heating during preparation, otherwise 
phases formed would likely be amorphous hydroxides or hydrated oxides9.  Therefore, it 
is likely that these rapidly precipitated Np(IV) solids are an amorphous hydroxide or 
hydrated form of the oxide, rather than a non-hydrated crystalline material, such as is 
produced through calcination.   
The exact solid phase used is extremely important for solubility and dissolution 
studies, because non-crystalline or hydrated thorium oxide species have been found to be 
more soluble than crystalline phases, and smaller particle sizes also have greater 
solubility64.  Thus, a comparison of crystalline pure oxide phases with hydrated or 
hydroxide phases is inappropriate.  Similar studies of Np and Pu confirm that crystalline 
actinide oxides may have solubility seven orders of magnitude lower than amorphous 
actinide hydroxides6.  To verify the solid phase used in such studies, a suite of solid phase 
characterization methods such as x-ray diffraction, electron microscopy, x-ray absorption 
spectroscopy should ultimately be employed to create data that is transferable and 
comparable between different research groups.   
 
Dissolution Studies  
 Mineral dissolution is extensively studied by various chemists and geochemists 
due to the broad relevance of the process.  The “driving force” behind mineral dissolution 
is widely accepted to be a function of temperature, surface energy, and saturation state 
(degree of supersaturation of solution with respect to solid phase), and occurs in a series 
of processes that are inverse to mineral growth and nucleation65.  Recent advances in 
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microscopic and nanoscale techniques have enabled mineral dissolution to be understand 
not only as a bulk process, but as a detailed surface phenomenon.  Given the challenges 
posed with advanced characterization of actinide solids, such as intensive sample 
preparation in glove boxes for both radiation protection and oxidation state control66 as 
well as reluctance of facilities to handle radioactive material, much of the knowledge on 
nanoscale dissolution at mineral surfaces comes from non-radioactive materials.  One 
such mineral is CaF2, which has the fluorite structure and therefore is isostructural to 
actinide dioxides.  Work from the CaF2 system underscores the importance of surfaces in 
mineral dissolution, as different exposed crystallographic planes in a polycrystalline solid 
exhibit varying dissolution rates, due to different surface energies of each plane67.  The 
highest energy surfaces dissolve first, while the most stable surface in a fluorite structure, 
the (111) plane, is not dissolved and is preferentially exposed67.  The model proposed for 
polycrystalline CaF2 dissolution suggests that surface area and surface energy are 
dynamic during dissolution due to variation in initial crystallographic planes and surface 
energy and their dissolution rates67, which may mean that evaluating dissolution rates as a 
function of solid surface area and aqueous chemistry may fail to capture the true 
complexity of dissolution processes.  Overall, the insights from the CaF2 system indicate 
that nanoscale study of actinide oxide solid surfaces during dissolution, not just bulk 
dissolution properties, is essential for both proper prediction of dissolution rate and extent 
and for mechanistic understanding of how these materials dissolve.   
Dissolution of actinide oxides is presented in literature most often in the 
perspective of bulk solubility of the solid.  The equilibrium state is of greatest interest to 
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the actinide chemistry community because most modeling and performance assessment is 
based on equilibrium solubility constants of various actinide solids, dictating the need for 
thorough and consistent thermodynamic data.  The kinetic process is less thoroughly 
studied, and the mechanisms of dissolution are discussed even less. Under reducing 
conditions, actinide oxides dissolve according to the equilibria9, with subsequent 
hydrolysis of the An(IV) aqueous species: 
 
𝐴𝐴𝐴𝐴𝑂𝑂2 ⋅ 𝑥𝑥𝑂𝑂2𝑂𝑂 + (2 − 𝑥𝑥)𝑂𝑂2𝑂𝑂 ⇌ 𝐴𝐴𝐴𝐴4+ + 4𝑂𝑂𝑂𝑂− 
 
The present actinide oxide solubility data, reviewed by Neck and Kim9, has 
significant variability within the set.  Known solubility constants, across the entire 
actinide series, have variability in the range of an order of magnitude9.  The authors 
acknowledge that there can be uncertainty and doubt as to the solid phase used in any 
particular study, and cite the potential for amorphous or hydrated phases as the culprit for 
discrepancies across data sets9.   Typically, great care is taken to ensure that rigorous 
standards are met for solution conditions, including pH, Eh, and ionic strength, yet there 
is no standardization for solid phase preparation and characterization.   
Of the existing neptunium oxide dissolution and solubility studies, data is 
primarily generated from a hydrous oxide solid, precipitated through some derivative of 
the neutralization technique described above.  Early work by Rai and colleagues explored 
solubility of the hydrous oxide in acidic68 and alkaline conditions69.  Solubility under 
alkaline conditions is repeated by Nakayama et al.63 with similar results.  These early 
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works on Np(IV) solubility are summarized in a review article by Neck and Kim9.  Much 
of the data collected on Np concentration in these studies is at or below detection limits 
due to instrumentation limits of the time.  Neck et al.10 were able to achieve better 
detection limits for Np(IV) by using advanced absorption spectroscopy techniques.   
A more recent study by Kim et al.70 does report the solubility of crystalline 
NpO2(s), rather than a hydrous oxide, but the work is site specific to the Korean test site 
for geologic disposal under reducing, alkaline conditions, and the study does not present 
any solid phase characterization data to prove the presence of crystalline NpO2(s), versus 
amorphous or hydrated phases.  Overall, the existing neptunium oxide solubility and 
dissolution data is largely based on hydrated oxides or hydroxide solids, with little to no 
solid phase characterization and the primary focus of the work is on the extrapolation of 
solubility and hydrolysis constants, rather than dissolution rates, mechanisms, or solid 
phase alteration.   
 
Oxidative Dissolution 
 Studies of oxidative dissolution of NpO2(s) are limited.  The first study of the 
oxidative dissolution was performed by Stickert et al. in 1983, in order to evaluate the 
potential dissolution of neptunium oxide in a repository setting62.  The researchers 
produced a Np-hydroxide through rapid neutralization with NaOH, then dissolved in 
varying pH conditions (4-12)62.  Solid was characterization with PXRD.  The system was 
equilibrated for nearly a year, with aqueous Np occurring predominantly as Np(V), 
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ultimately leading the authors to develop the following non-pH dependent reaction 
mechanism for the oxidative dissolution of the solid: 
 
𝑁𝑁𝑁𝑁𝑂𝑂2 ⋅ 𝑥𝑥𝑂𝑂2𝑂𝑂 ⇌ 𝑁𝑁𝑁𝑁𝑂𝑂2+ + 𝑥𝑥𝑂𝑂2𝑂𝑂 + 𝑒𝑒− 
 
Work by Lieser et al. built on this concept by providing more detail into the effect of 
oxygen on NpO2(s) dissolution and reaction mechanisms.  The solid used was stated to be 
calcined NpO2(s), but no characterization was provided.  Solution conditions varied 
between pH 5-8, both in presence and absence of oxygen to prove that oxygen 
significantly enhanced NpO2(s) dissolution71.  Oxidative dissolution is rapid, with a 
majority of dissolution occurring within the first 30 days, but a continuing slow 
dissolution for the following year71.   
The rapid initial dissolution, followed by a slower, long-term dissolution step led 






This mechanism attributes the initial (approximately 30-day) step to dissolution of non-
crystalline part of the solid phase, while the authors attribute the longer-term dissolution 
to radiolytic breakdown of the crystal structure71.  A third study by Moriyama et al. 
dissolved an amorphous Np-hydroxide with no solid phase characterization for shorter 
periods of time (~10 weeks) both in presence and absence of carbonate species, 
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identifying colloidal particles during the dissolution using filtration57.  The mechanism of 
oxidative dissolution proposed by Moriyama et al. is the same as Strickert et al.  
 While Pu redox chemistry under environmental aqueous conditions is far more 
complex than Np, evidence from the oxidative dissolution of PuO2(s) provides potentially 
important insights for the NpO2(s) system.  In a review article on solubility for Pu-oxides 
and hydroxides, the potential for a much more complex dissolution mechanisms and 
equilibria are highlighted.  Neck et al.72 emphasize that both solid and aqueous phase 
oxidation, as well as formation and subsequent dissolution and oxidation of Pu(IV) 
colloids, play a role in dissolution of PuO2(s).  The review also underscores once again 
that varying degrees of crystallinity and hydration, both of which are difficult to quantify, 
have significant effects on solubility of actinide oxide solids.   
The most comprehensive understanding of oxidative dissolution of actinide 
oxides comes from the UO2(s) system due to extensive work done to predict leaching of 
uranium from spent fuel in a geologic repository.  Oxidative dissolution of UO2(s) was 
specifically studied due to production of the highly mobile uranyl ion during oxidation.  
Some first insights into oxidation of UO2(s) came from studies of uraninite alteration.  
Uraninite is a naturally occurring mineral composed of primarily UO2(s) and containing 
daughter products such as Pb as well as oxidized products such as UO2+x73.  The 
oxidation and alteration of uraninite has been observed over geologic time scales, 
whereas UO2(s) studies that occur in laboratories often occur in idealized conditions to 
enhance oxidation and alteration. UO2(s) oxidation studies in the lab often take the form 
of “drip tests”, such as those performed by Wronkiewicz et al.73 in which synthetic 
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UO2(s) is exposed to elevated temperatures, oxidizing conditions, small amounts of 
synthetic groundwater, and allowed to alter for a number of years.  Laboratory results 
from Wronkiewicz et al. confirm that uranyl phases formed on synthetic UO2(s) mirror 
the uranyl mineral paragenesis seen in field samples of uraninite.   
The stages of alteration of UO2(s) or natural uraninite begin when a sample is 
exposed to some form of oxidizing conditions (some combination of air and water).  
Initial alteration occurs at the surface of the mineral, which is at first the only area 
exposed to the oxidizing conditions, oxidizing surface uranium atoms from U(IV) to 
U(VI) 74. At first, surface oxidation causes little change to the overall fluorite structure 
occurs, but over time the mineral progresses from UO2(s) to UO2+x until a thin layer of 
higher oxides such as U3O7 or U3O8 form74.  The main factors that increase oxidation 
rates of UO2(s) are elevated temperature, addition of water, increased oxygen partial 
pressure, and smaller particle sizes (larger surface area)75.  As surface atoms of uranium 
are oxidized, some of the mineral surface begins to dissolve, producing uranyl ions in 
solution surrounding the mineral surface74, leading to potential transport from the mineral 
surface or formation of secondary phases.   
In fully saturated systems, UO2(s) oxidation studies employ batch reactor76 or 
flow through reactors77, 78 to study the effects of pH, partial pressure of oxygen, carbonate 
concentration, and temperature on dissolution rates and mechanisms.  A concise 
conceptual model of UO2(s) oxidative dissolution is presented by Ulrich et al.78, 
suggesting that a layer of U(V), and subsequently U(VI), builds up on the surface prior to 
dissolution.  This work takes advantage of modern characterization techniques, such as x-
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ray absorption spectroscopy and x-ray photoelectron spectroscopy, to probe chemical 
bonding and oxidation state of solid and aqueous phases.  The major question is whether 
the oxidation rate or dissolution rate is the kinetically-limiting step.  The mechanism 
proposed by Ulrich et al., and more generally, all UO2(s) oxidation literature, can provide 
insight into potential dissolution mechanisms for NpO2(s).  Based on uranium oxidation, 
one could infer that a surface coating of Np(V) would form on Np(IV) oxides, then 
dissolve as Np(V) aqueous species, but solid and aqueous phase data is needed to confirm 
such a hypothesis.   
 
Grain Boundary Facilitated Dissolution  
While there is no published data on grain boundary effects in transuranic elements 
like neptunium and plutonium, the presence and importance of grain boundaries in 
actinide oxide solid phases have been recognized for spent nuclear fuel for decades.  
Grain boundaries are formed during the calcination process and are of primary interest to 
the spent fuel community given the potential release of gaseous fission products through 
grain boundaries in the fuel matrix3.  Spent fuel dissolution studies also note that 
significant dissolution occurs in the grain boundaries, forming large channels within the 
matrix79.   
Actinide oxide grain boundaries are thought to be highly reactive sites and 
primary sites of dissolution, as evidenced by work with Ce and Th analogues.  Using a 
CeO2(s) pellet that is isostructural to UO2(s), Corkhill et al.80 presents preferential 
dissolution occurring in the grain boundaries of the oxide solid.  Electron microscopy, 
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electron backscatter diffraction (EBSD) and atomic force microscopy (AFM) data show 
increasing grain boundary depth during dissolution and stability of the primary facets in 
the matrix80.  The facets that did not dissolve were (111) surfaces, known to be the most 
stable plane for the fluorite structure, whereas the grain boundaries primarily contained 
less stable planes80.  Recent ThO2(s) work proposes that grain boundaries preferentially 
contain a hydrated Th-hydroxide phase, as opposed to the bulk anhydrous crystalline 
ThO2(s), which results in relatively rapid dissolution of the hydroxide phase from the 
grain boundary region and generally little to no dissolution of the ThO2(s) phase81.  
Vandenborre et al. support their claims with XPS and AFM data81, showing that the 
hydroxide phase is a relatively small percentage, undetected by typically characterization 
techniques such as XRD.  The authors believe that their proposed conceptual model could 
begin to explain the large discrepancies in solubility data of the actinide oxides, as 













3. KNOWLEDGE GAPS AND HYPOTHESES 
 
 While field-scale transport of actinides has been observed and well-documented, 
the majority of the literature studies transport and reactive chemistry of uranium and 
plutonium, with the few published works regarding neptunium focused on clay diffusion 
and specific geologic repository sites.  Additionally, much of the existing actinide field-
scale data is based on accidental releases of radioactive material from reactors or nuclear 
processing facilities, creating uncertainty in the source term in these studies.  There exists 
a clear knowledge gap in vadose zone chemistry and transport of neptunium, particularly 
with well-characterized source terms to understand speciation changes as solid phases 
approach a thermodynamic minimum.  The first objective of this dissertation was to 
measure the extent of Np transport and determine Np speciation in field lysimeters as a 
function of oxidation state of initial source material. The initial hypotheses were that 
dissolution and transport from the Np(V) source would far exceed transport from Np(IV) 
(NpO2(s)) source, and that oxidative dissolution of NpO2(s) would result in a surface 
oxidation layer, with oxidation being the rate-limiting step in field transport.  A 
secondary objective was formed as well, which was to measure the extent of radial (two-
dimensional) Np transport under vadose zone conditions, as well as to characterize the 
short-term alteration of NpO2(s) sources to discern dissolution mechanisms.   We 
hypothesized that radial transport of Np would vary based on saturation state within the 
soil column, with greater two-dimensional transport in more consistently saturated areas, 
and that NpO2(s) sources will show increased alteration in more saturated conditions.   
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Although field-scale data can reveal interesting information on the dissolution and 
transport from NpO2(s), laboratory scale experiments are also needed for more detailed 
understanding of dissolution mechanisms.  The existing literature on neptunium oxide 
dissolution primarily uses hydrated, amorphous, or hydroxide solids rather than 
crystalline NpO2(s)  Furthermore, dissolution data for NpO2(s) focuses on generation of 
solubility product constants, often lacking strong, if any, solid phase characterization.   
From this, there is an apparent knowledge gap in kinetic, oxidative dissolution studies of 
well-characterized, crystalline NpO2(s) under environmentally relevant conditions.  
Additionally, there is little published work on the dissolution mechanisms of NpO2(s) and 
how the solid phase may affect dissolution.  The third objective of this dissertation was to 
quantify the rate of dissolution of a nanocrystalline NpO2(s) under vadose zone 
conditions and characterize aqueous and solid phases to understand dissolution 
mechanisms.  The hypothesis for this study was that polycrystalline NpO2(s) undergoes a 
two-step grain-boundary facilitated dissolution, producing both ionic and colloidal Np in 
solution, similar to phenomenon observed in field lysimeter experiments. Given the 
observed effect of grain boundaries on NpO2(s) dissolution from the third study, more in-
depth characterization of microstructural differences in oxide solid phases may explain 
the well-established discrepancies in NpO2(s) and other actinide oxide solubility 
constants.  The objective of the fourth study of this dissertation was to synthesize and 
characterize NpO2(s) at varying calcination temperatures and measure total dissolved Np 
as a function of calcination temperature.  We hypothesized that increasing calcination 
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Abstract 
Due to its radiotoxicity, long half-life, and potentially high environmental 
mobility, neptunium transport is of paramount importance for risk assessment and safety. 
Environmental transport of neptunium through field lysimeters at the Savannah River 
Site was observed from both oxidized (Np(V)) and reduced (Np(IV)) source materials. 
While transport from oxidized neptunium sources was expected, the unexpected transport 
from reduced neptunium sources spurred further investigation into transport mechanisms. 
Partial oxidation of the reduced neptunium source resulted in significant release and 
transport into the mobile aqueous phase, though a reduced colloidal neptunium species 
appears to have also been present, enhancing neptunium mobility over shorter distances. 
These field and laboratory experiments demonstrate the multiple controls on neptunium 
vadose zone transport and chemical behavior, as well as the need for thorough 
understanding of radionuclide source terms for long-term risk prediction. 
 
Introduction 
 Neptunium (Np) is a radioactive element produced through both commercial 
nuclear reactor operations and nuclear weapons production.  The longest-lived Np 
isotope, 237Np, has a half-life of 2.14 million years, making it an environmental risk-
 33 
driver for nuclear waste disposal and legacy nuclear waste management.  Under 
environmental conditions, Np can occur in a range of oxidation states, including (IV), 
(V), and (VI)7, 8.  Behavior of actinide elements is similar for all elements across the 
series, with oxidation state governing major chemical behavior such as sorption to 
sediments7, 8.  Sorption affinity of actinide elements to sediment follows the trend: (IV) > 
(III) ≈  (VI) > (V)7, 82, making (V) the most mobile of the oxidation states and (IV) the 
least mobile. This is due to the high effective charge of Np(IV) and relatively low 
effective charge of Np(V) as the neptunyl dioxycation, (NpO2+), which limits sorption 
and complexation affinity7, 82.   Vadose zone conditions create an oxidizing environment 
in which Np(V) would be expected and in aqueous solution would likely occur as NpO2+.   
 Actinide elements have also been shown to form colloids in natural waters, either 
through hydrolysis of actinide cations to form “intrinsic” colloids or through adsorption 
of actinide cations to inorganic or organic constituents in groundwater to form “pseudo” 
or “associative” colloids7, 13, 16, 83.  Actinides in the (IV) oxidation state show the greatest 
affinity for formation of intrinsic colloids, and the (IV) oxidation state is also likely to 
form pseudo colloids due to its high sorption affinity to organic or inorganic matter7, 82, 84.  
Colloidal actinide species may have different environmental behavior than simple 
cationic actinide species, necessitating that environmental transport models account for 
such potential colloidal actinide species8. 
The Radionuclide Field Lysimeter Experiment (RadFLEx) is an ongoing field 
study of radionuclide transport in the vadose zone at the U. S. Department of Energy 
Savannah River Site (SRS).  Four of the 48 lysimeters at the facility contain 237Np 
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sources, two of which have NpIVO2(s) and two of which have NpVO2(NO3). The field 
lysimeter studies at SRS focus on a wide range of radionuclides. While previously 
published work from RadFLEx has mostly focused on plutonium transport20-24, this is the 
first report of neptunium transport from this field study. A difficulty in  field-scale studies 
of radionuclides is a lack of information regarding the source material, including origin, 
chemical form, or physical form, and studies are forced to look at environmental 
transport or source alteration in a retrospective manner, making transport and 
performance assessment modeling more difficult13, 16-18.  Therein lies the unique aspect of 
the RadFLEx experiments, since the initial source materials are well-characterized before 
and after environmental exposure, but are still subject to natural conditions, including 
variability that cannot be accurately represented in a lab scale study.   
 Overall, these studies at RadFLEx seek to determine the effect of initial source 
material characteristics, particularly oxidation state, on transport of neptunium through 
the vadose zone and to identify potential transport mechanisms.  Our conceptual model 
initially proposed that significant Np would be transported from the Np(V) source in the 
porewater due to the low sorption affinity and high mobility of aqueous NpO2+, while Np 
transport from the Np(IV) source would be limited and controlled by the oxidative 
dissolution of the relatively insoluble source material9, 10, 68, 85 and subsequent transport of 
NpO2+ aqueous species in the porewater.  However, our studies of the Np(IV) lysimeter 
sediment from both field and laboratory work indicate that Np is released from the 
Np(IV) source not only as a result of oxidative dissolution and ion transport, but also in 
the form of mobile Np(IV) colloidal species.  This work captures transport of a mobile 
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colloid and a mobile aqueous species in the same environmental system. Furthermore, the 
observations of colloid and redox facilitated transport of aqueous ions in the subsurface 
have direct analogies to the transport of other elements that have both soluble and 
insoluble oxidation states (e.g., iron, manganese, chromium). The objective of this work 
is to compare transport of neptunium in a field lysimeter experiment from Np(IV) and 
Np(V) sources. The relative solubility of Np(V) and insolubility of Np(IV) potentially 
allow for the comparison of the impacts of oxidative dissolution and colloid formation 
from the NpO2(s) source. While this study specifically focuses on neptunium chemistry, 
examination of redox mediated transport processes extends beyond the general interest in 
nuclear waste disposition.  
 
Materials and Methods 
Field Lysimeter Experimental Set-Up 
 The lysimeters at RadFLEx are constructed out of 60 cm tall and 10 cm diameter 
PVC pipes, packed with sediment and with a source placed halfway down the sediment 
column.  The PVC pipes are maintained in a vertical orientation using secondary 
containment pipes and are housed in an above-ground metal dumpster19.  The lysimeters 
are open at the top and have been exposed to natural conditions since 2013, with the 
lysimeters presented in this work having been buried and exposed to rainfall for 3 years, 
then removed from the facility for sediment and source analysis.  Tubing at the base of 
the PVC pipe collected effluent from lysimeters, with effluent from the lysimeters 
monitored quarterly for aqueous neptunium, with measurement of 237Np in the effluent of 
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the Np(V) lysimeter as early as 1 year after deployment and no measurable 237Np in the 
effluent of the Np(IV) lysimeter after 3 years (Figure A.3).  
The lysimeters were packed with a representative sandy clay loam sediment from 
SRS19, 86.  Selected physical and chemical properties of the soil used in these experiments 
are listed in Table A.1, with full details given in Montgomery et al.86.  Notable properties 
include the organic matter content, which is less than 1%, and the sand/silt/clay ratio, 
which is 66/14/20.  Of the clay fraction, greater than 95% is kaolinite.  The average pH of 
the collected porewater is 5.12, and the dissolved oxygen content of the porewater is 
consistently close to or at the saturation value of 8 mg/L.  The neptunium source 
materials used in the field lysimeters were obtained from Savannah River National 
Laboratory, with the NpVO2(NO3) made from an aqueous Np(V) nitrate stock solution, 
pipetted and dried onto a filter paper19, and the NpIVO2(s) procured from the HB-line 
production.  The oxides produced on the HB-line are high-fired, with calcination 
temperatures >700°C18.  A small amount of NpIVO2(s) (~2 mg) was added to a filter paper 
from a larger batch of the HB-line product19.   
 
Sediment Analysis 
 To determine the spatial distribution of neptunium in the field lysimeters, the 
lysimeters were segmented into approximately 1 cm sections from top to bottom in a 
HEPA-filtered glove box, with each segment placed into a sealed bag and homogenized 
by hand before analysis.  Approximately 20 grams of homogenized sediment (exact 
weight determined gravimetrically) was removed from each bag, distributed evenly 
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across a 4-inch diameter petri dish, and dried for 2 days at 50 degrees Celsius.  Activity 
of 237Np in each sediment sample was determined using direct measurement on a low-
energy high purity germanium detector (HPGe).  Petri dishes containing dried sediment 
samples were placed directly on the detector and counted for 1 day (86,400 seconds). The 
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Where E is the detector efficiency, F is the emission fraction, t is the count time, and nG 
and nB are gross and background counts in the region of interest, respectively.  The 
detector calibration and efficiency, as well as the calculation of the minimum detectable 
concentration according to Currie88 are presented in the Supplemental Information. The 
activity is normalized per mass of the sediment sample by dividing by the mass of dry 
sediment (in grams) to get Bq/g.  
 
Imaging  
 The source material from the extracted Np(IV) lysimeter source and from an 
unexposed NpO2(s) source that had been maintained in an oxygen-free atmosphere were 
studied using a Hitachi S4800 high resolution Scanning Electron Microscope (SEM).  
SEM stubs were prepared by transferring small amounts of source material from the 
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source filter paper using a pipette tip to an SEM stub with carbon tape on top.  Stubs were 
not sputter coated.   
 Sediment samples from the Np(IV) lysimeter were also imaged using 
autoradiography plates.  Small samples of sediment (~10 grams) were placed on the 
autoradiography plate in a plastic bag, attempting to create a flat layer of soil on the 
imaging plate. The autoradiography plates were sealed and allowed to expose in a sealed, 
dark environment for 1 week.  Autoradiography images were altered using photo-editing 
software to adjust the brightness and contrast of the image.  The autoradiography image 
does not capture alpha decay from 237Np, which could not travel through the plastic bag 
containing the sediment, but rather captures the beta decay from 233Pa that grew in from 
237Np decay. Thus, the 233Pa beta activity is a signal for the presence of 237Np in the 
sediment.   
 
XANES/EXAFS Data Acquisition and Analysis 
 The initial source and the source recovered after 3 years of exposure were 
analyzed by X-ray absorption spectroscopy (XAS). Small pieces of filter paper 
containing the Np sources were cut with a razor blade. The autoradiography of the 
sources was used to locate the sample.  
X-ray absorption experiments at the Np LIII edge (17 610 eV) were performed on 
the 11.2 beamline of the Stanford Synchrotron Radiation Lightsource (SSRL) facility. 
The monochromator was set with the Si(220) crystals. Harmonics were rejected with a 
Rh-coated mirror with a cutoff energy of 23 100 keV. Energy calibrations were 
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performed simultaneously from the transmission spectrum of a Zr foil (K edge at 17998 
eV). EXAFS measurements were performed in fluorescence mode using a 100-element 
germanium detector (Canberra). Due to the possibility of redox reactions working with 
actinides under large photon flux, sample were cooled using a liquid nitrogen filled 
cryostat. 
Data processing was carried out using the Six Pack and Athena code89, 90. Dead 
time corrections was performed measuring the relationship between the incoming count 
rate and selected channel analyzer readings for each channel using SixPack software89. 
The Eo energy was identified as the first inflection point. Fourier transformation (FT) was 
performed between 2.0 and 9.7 Å-1 with Hanning windows using the ARTEMIS code90. 
Spectral noise was calculated using the CHEROKEE code91, 92 by using the Fourier back 
transform filter above 6 Å corresponding to the noise spectrum. The R factor (%) and the 
quality factor (QF, reduced χ²) of the fits were provided from ARTEMIS. Phases and 
amplitudes were calculated using the FEFF9 simulation code9325 using the Fm-3m 
fluorite structure models94.  
 
Desorption Studies 
 Six representative sediment samples were chosen for desorption studies, three 
from the Np(V) source lysimeter and three from the Np(IV) source lysimeter.  For the 
Np(V) lysimeter, sediments from above and below the source were used, but for the 
Np(IV) lysimeter, concentrations above source were too low for desorption studies.  
Between 0.25 and 0.5 grams of dry sediment from each segment was placed in 15 mL 
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centrifuge tubes with 10 mL of 10 mM NaCl background solution and allowed to desorb 
for times ranging from 15 minutes to 1 month.  All experiments were performed in 
triplicate and were performed on the benchtop.  At each sampling time point, the samples 
were centrifuged to remove particles >145 nm according to Stoke’s Law, as described by 
Jackson95  (15 minutes at 4500 rpm in a Allegra X22R centrifuge and 4250 rotor). , at 
which point the aqueous phase was removed for analysis.  The aqueous samples were 
diluted to 2% nitric acid for analysis using inductively coupled plasma mass spectrometry 
(ICP-MS).  Concentration of 237Np in aqueous samples was converted to activity of 237Np 
in the sample for comparison to solid phase activity.  The total aqueous activity of 237Np 
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Where Nps and Npaq are the activity of 237Np in the initial solid phase and the final 
aqueous phase, respectively.  Initial solid phase activity of 237Np was taken from low-
energy HPGe measurements of the sediment samples.  The standard deviation applied to 
Kd values is based on triplicate measurements.   
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Results and Discussion 
237Np Transport from Oxidized and Reduced Sources 
 Transport of neptunium was observed from both Np(IV) and Np(V) sources after 
the 3-year field study (Figure 4.1).  For the Np(V) source lysimeter, 237Np was detected 
throughout the lower half of the lysimeter with an average concentration of 3.4 Bq/g, and 
upward transport of neptunium also occurred at least 13 cm above the source, likely due 
to diffusion through the pore space.  Similar upward transport of Pu and Sr has been 
observed in previous lysimeter experiments20, 23, 24, 96. Unsaturated hydraulic conductivity 
measurements of this sediment indicate two domains where upward diffusional transport 
of neptunium could have occurred in a low hydraulic conductivity domain (Figure A.1). 
However, this hypothesis is currently under investigation.  While below source 
concentrations are relatively high and consistent with distance from the source, the 
concentration of 237Np decreases exponentially above the source and reaches detection 
limits.     
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Figure 4.1: Sediment 237Np concentration profile cores recovered from the Np(V) and Np(IV) amended 
lysimeters. MDC = Minimum detectable concentration and error bars represent HPGe gamma counting 
error (some error bars are hidden by the data symbol). 
 
For the Np(IV) source lysimeter, peak concentrations of 237Np occurred 2.5 cm 
below the source, with concentrations decreasing toward the base of the lysimeter and 
reaching detection limits approximately 20 cm below the source (Figure 4.1).  Upward 
transport was also observed in the Np(IV) lysimeter as far as 3.5 cm above source, 










































measured.  It is notable that concentrations of 237Np in the Np(IV) lysimeter are 1-2 
orders of magnitude lower than the Np(V) lysimeter, despite having initially equal 
activity of 237Np in the sources.  Very little transport from the Np(IV) source was 
expected due to the low solubility of NpO2(s). Transport of Np(IV) aqueous species 20 
cm below the source would be unlikely due to the high sorption affinity of Np(IV) to 
sediment, so the presence of elevated neptunium concentrations 5 to 20 cm and 27 to 30 
cm below the source is supportive of the process in which the Np(IV) source underwent 
oxidation to the more mobile, oxidized NpO2+ aqueous species. Oxidation of Np(IV) to 
Np(V) is consistent with speciation modeling assuming atmospheric conditions at pH 5 
(Geochemist Workbench v11, thermo.com.v8r6+.dat database). Desorption experiment 
described below will demonstrate that the sediment-bound neptunium in these distal 
samples behave more similarly to Np(V) than Np(IV). The significantly lower 
concentrations of 237Np in the Np(IV) lysimeter sediment profile suggest only partial 
oxidation of the source. This was confirmed using x-ray absorption spectroscopy (XAS) 
discussed below.   
The 237Np sediment concentrations in the Np(IV) lysimeter showed a large degree 
of variability in the near-source region.  Triplicate measurements were performed for 
samples directly above and below source, with replicates having the largest standard 
deviations in the samples directly below the source, decreasing with distance away from 
the source (Figure 4.1).  Above-source samples had almost no variability in replicates.  
The variability in near-source sediment samples were due to “neptunium hot spots” in the 
sediment.  The heterogeneous distribution of 237Np below the Np(IV) source is supported 
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by autoradiography images of these sediments (Figure 4.2).  The autoradiography image 
of a sediment sample 3 cm below the Np(IV) source shows many small, dark spots, 
spread randomly throughout the sample (Figure 4.2), consistent with individual particles 
with high levels of radioactivity, rather than homogenous activity throughout the 
sediment samples.  
 
 
Figure 4.2: Autoradiography image (left) of the sediment sample (right) collected 3 cm below the Np(IV) 
source. Areas high activity are circled in both the radiography image and photograph. 
 
Alteration of NpO2(s) Source 
 The SEM image of the initial NpO2(s) source shows well-defined cubic crystals, 
while the source material that was in the field shows mostly amorphous surfaces with the 
underlying cubic structure remaining intact (Figure 4.3).  The SEM images demonstrate 
that morphological changes occurred at the surface of the NpO2(s) source as a result of 
environmental exposure.  The reduced crystallinity and structural changes at the surface 
of source particles suggest potential oxidation of the surface of NpO2(s).  Formation of an 
4 cm 
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oxidation layer on actinide metal or oxide solid phases has also been observed in a 
number of other environmental systems. The oxidation layer both produces a surface with 
more labile (i.e.,, prone to dissolution or desorption) and soluble oxidation states and also 
protects the inner reduced core of the particles97-99. Surface oxidation of Np(IV) solids to 
soluble and labile Np(V) species could account for observed mobility of neptunium in the 
Np(IV) lysimeter. If so, the sediment associated Np should have similar mobility to that 
from the Np(V) source, which is explored in the desorption tests described below. 
 
Figure 4.3: SEM images of NpO2(s) before (right) and after (left) being buried in a vadose zone sediment 
for three years. 
X-ray absorption spectroscopy data further probes the alteration of the NpO2(s) 
source due to environmental exposure.  The Np LIII XANES data for both initial and 
exposed NpO2(s) sources is compared to a Np(IV) reference (Figure 4.4), with no 
significant difference between sources, confirming the predominance of Np(IV) in the 
source even after 3 years of environmental exposure. The first derivatives presented in 
the insert of Figure 4 suggests the presence of both Np(IV) and Np(V) in the sample. 
However, Denecke et al.100 also showed that this multiple scattering contribution is not 
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easy to distinguish and XANES analysis can be inconclusive, especially with a 
heterogeneous sample. The confirmation of Np(V) requires EXAFS analysis. 
 
Figure 4.4: Np LIII edge XANES spectra of the initial NpO2(s) sources and the one exposed to lysimeter for 
3 years with Np(IV) reference. The inset shows the first derivative curves. 
 
EXAFS analyses were limited by the unintended presence of near 500 ppm 
plutonium in the sample (Pu LIII edge at 18057 eV), meaning that only the first shell can 
be fitted with accuracy.  Figure 4.5 shows the EXAFS spectra of the both sources with 
their corresponding Fourier transforms (FT). The best fit parameters are also reported in 
Table 4.1.  The EXAFS FT moduli of the samples display a coordination shell at R+∆R = 
1.8 Å (non phase shift corrected distance), which is fitted by 8 oxygen atoms at 2.35 Å. 
Moreover, a peak appears at R+∆R = 3.7 Å, this shell could be characteristic of the Np-
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Np path at a distance of 3.85 Å. These radial distances are in good agreement with the 
data reported in the literature for NpO2(s)71, 101, 102 even after exposure to the field for 3 
years. Chollet et al.102  have demonstrated by fitting only the first shell that the presence 
of NpO2+x could be determined by an increase of the Debye-Waller factor σ2 from 0.002-
0.004 to 0.01. In our study, the Debye-Waller factor are equal to 0.005 – 0.0065 (Table 
4.1). There is no evidence of a shorter distance at R+∆R = 1.4 Å featuring the presence of 
Np(V) in the sample. The addition of an additional scattering shell at around 1.85 Å 
(coordination number around 0.5) leaded only to a decrease of the reduced χ- squared 
from 0.02 to 0.013. Tayal et al.103 have demonstrated NpO2+x existence using EXAFS and 
XRD with an O shell around 1.85 – 1.9 Å, multisite Np-O. Tayal et al.103  have 
demonstrated NpO2+x existence using EXAFS and XRD with an O shell around 1.85 – 
1.9 Å, multisite Np-O.  
 
Table 4.1: Best-fit parameters for EXAFS analysis. 
 
 
Sample  First shell Second shell    













17613.0 8 O 2.35(1) 0.0065    3.390 0.0020 2.0 
NpO2(s), after 
3 y. in field 
exposure 
 
17613.2 8 O 2.35(1) 0.0051    3.390 0.0035 1.1 
Np(IV) aquo 17614.1 - - -    - - - 
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While the presence of a small amount of Np(V) cannot be definitively ruled out, 
the initial source material is composed primarily of NpO2(s), as is the environmentally 
exposed source. The SEM image of the initial source (Figure 4.3) supports the idea that 
the source material is NpO2(s) with the cubic structure53.  It is likely that the sources 
appear to have similar compositions because if any Np(IV) were oxidized on the surface 
over time in the lysimeter, the NpO2+ aqueous species formed would rapidly be leached 
by the porewater and transported through the sediment, limiting the amount of Np(V) in 
the source.  
 
 
Figure 4.5: k-weighted EXAFS spectra and corresponding FT at the Np LIII edge of the initial source and 
after 3 years field exposure. Experimental spectra in black lines and fitting in dots. 
 
Role of Colloids and Oxidized Species on Transport of Reduced Neptunium  
 Observed desorption coefficients from the Np(V) source lysimeter are between 
16-72 mL/g (Figure 4.6), which agrees with previous measurements of Np(V) sorption to 
SRS clayey sediments86.  The Np(V) lysimeter sediments show consistent behavior both 
above and below the source and develop a baseline of behavior for Np(V) in the SRS 
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sediment used in the lysimeters.  Observed desorption coefficients from the Np(IV) 
lysimeter do not show the same consistent behavior as a function of depth in the 
lysimeter. The desorption coefficients are 810 and 1333 mL/g for 0.5 cm and 2.5 cm 
below source, respectively.  The desorption coefficient for the sediment 15 cm below the 
Np(IV) source is 10 mL/g (Figure 4.6), which is in agreement with previous 
measurements of Np(V) sorption to SRS clayey sediments86  and is similar to measured 
Kd values in the Np(V) lysimeter, supporting the hypothesis that Np transported farther 
away from the Np(IV) source is Np(V) aqueous species. The higher Kd values near the 
source indicate a stronger sorbing species of Np, likely Np(IV), and these values in the 
Np(IV) near-source region are similar to Pu(IV) Kd values104, suggestive of the presence 
of Np(IV) just below the source. 
 

































Behavior of Np on the contaminated sediments was also explored using acid 
leaching, in which sediment samples from various locations in the lysimeters were 
allowed to leach in either 1M or 8M HNO3 for 7 days.  Samples from the Np(V) source 
lysimeter show leachable fractions greater than 0.70 in 1M HNO3 (Figure A.2).  One 
sample from the Np(IV) lysimeter, approximately 15 cm below the source, also has a 
leachable fraction greater than 0.80 (Online Supporting Material Figure S2), which 
agrees well with the Np(V) lysimeter samples, supporting the idea that Np in the lower 
region of the Np(IV) source lysimeter is Np(V). Samples from the near-source region in 
the Np(IV) lysimeter had leachable fractions of neptunium less than 0.07 for both 1M and 
8M HNO3 (Figure A.2).  High-fired actinide oxides are known to be very insoluble, even 
in strong acid, with reports of NpO2(s) requiring the use of hot 10M HNO3 or even HF 
for dissolution105. The inability to leach the Np present on near-source sediments from the 
Np(IV) lysimeter, even with high molarity acid, suggest the presence of colloidal Np(IV) 
species that are strongly associated with sediment particles.  
 
Environmental Significance  
 Observed mobility from initially oxidized and reduced Np sources in field-scale 
studies at Savannah River Site highlight the mobility of Np(V) in the subsurface, but also 
emphasize the potential mobility of Np from reduced solid phases, such as NpO2(s), due 
to source oxidation and colloidal behavior. The NpO2(s) source system displays multiple 
mobile species, each with their own mobility through SRS sediments.  Though direct 
measurement of the proposed NpO2(s) colloids is not possible due to the low 
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concentration of Np in the system, we proposed the following conceptual model of Np 
transport in the Np(IV) lysimeter:  
1. Formation of an amorphous layer on the NpO2(s) surface which could lead to 
release of NpO2(s) colloids or oxidation to form a surface layer of Np(V) 
2. Transport of NpO2(s) colloids and mobile NpO2+ to produce the observed 
downward mobility.  
3. Retention of the NpO2(s) colloids within the first 2 cm of depth followed by 
surface oxidation and leaching as described in #2 above.  
 
Transport of neptunium as far as 20 cm below the Np(IV) source is likely due to 
oxidation of Np(IV) to the more mobile Np(V) aqueous species, which is readily 
desorbed from the sediment in laboratory studies and behaves similarly to the Np(V) 
lysimeter sediments.  Closer to the source region, transport in the Np(IV) lysimeter can 
be attributed to colloidal Np(IV) species that have been removed from the source, 
strongly sorbing to sediments just below the source in a heterogeneous manner.  Data 
collected in this work cannot differentiate between Np(IV) transport as an intrinsic or 
pseudo-colloid and future studies will attempt to differentiate between the two. The 
behavior of the likely Np(IV) contaminated sediments is distinctly different from Np(V)-
contaminated sediments and is more similar to that of Pu(IV)-contaminated sediments, 
supporting the hypothesis that Np(IV) species are present.  Transport of Np(IV) species 
over a few centimeters is in agreement with plutonium transport studies in this sediment, 
which report movement of Pu to a few centimeters of depth below the source as well.  
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Laboratory and field work support the concept that mobility of neptunium in the vadose 
zone is a process controlled not only by oxidation state, but presence of reduced colloidal 
species as well, stressing the importance of continued understanding of source terms in 
the environment, their interaction with sediment and groundwater, and potential for 
multiple aqueous species with different mobility, for prediction of environmental 




















5. INFLUENCE OF SOIL SATURATION ON RADIAL MIGRATION OF 
NEPTUNIUM IN THE VADOSE ZONE  
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Abstract 
Neptunium dioxide (NpO2(s)) dissolution and transport was observed in field 
lysimeters deployed for 9 months of natural meteorological conditions in Clemson, SC, 
USA. The lysimeters were destructively sampled in such a way that vertical and radial 
(two-dimensional) transport of neptunium (Np) was monitored.  Three sources were 
buried at varying depth to assess both source alteration mechanisms and extent of 
transport.  At a given time during the 9-month experiment, volumetric water content 
varied with depth in the soil column, affecting the magnitude and distance of Np 
migration.  Dissolution of NpO2(s) and radial migration of Np increased with increasing 
depth, allowing for greater radial migration.  Migration of Np colloids was also observed 
in highly saturated regions.  NpO2(s) sources throughout the soil column underwent 
noticeable alteration at the grain boundaries of the high-fired oxide material.   
 
Introduction 
Understanding long-term fate and transport of contaminants, particularly 
radioactive contaminants, in vadose zone conditions poses a challenge due to the lack of 
available field-scale data, and a complex mix of redox chemistry, geochemical 
interactions, and hydrogeologic parameters.  Often, laboratory-scale data is substituted, 
 54 
but does not contain the natural range of conditions of a vadose zone system.  Thus, data 
may oversimplify the intricacy needed to deliver accurate risk assessment of radioactive 
contaminants as part of legacy nuclear waste management.  Field lysimeters have become 
an important tool for evaluating vadose zone geochemical behavior and transport of 
radionuclides.  As an intermediate spatial and temporal technique, lysimeters are a bridge 
between laboratory scale control and field-scale complexity, providing more realistic 
information on how source terms affect extent of transport and speciation of 
radionuclides than can be provided in laboratory scale experiments.  Field lysimeters 
simulate natural variability through exposure to real meteorological conditions over 
periods of months to years, while still maintaining a high degree of control by providing 
well-characterized initial source materials and monitoring 1) chemical and physical 
transformation of the source materials and 2) transport of radionuclides from a fixed 
initial point in space.  Unlike field-scale data obtained from accidental environmental 
releases, lysimeter experiments permit controlling the initial quantity, chemical form, 
speciation, and morphology of the material and  allow for assessment of not only extent 
of transport, but also thermodynamic changes to solids toward equilibrium state.   
Previous work with field lysimeters has been based at U. S. Department of Energy 
Savannah River Site (SRS) in Aiken, SC, USA and has primarily focused on plutonium 
transport20, 22-24 as well as strontium and fission product transport96, with the recent 
addition of a study on transport from oxidized and reduced neptunium sources106.  A new 
field lysimeter testbed was initiated at Clemson University (Clemson, SC, USA) in 2015 
with the intention of complimenting ongoing field lysimeter studies at the RadFLEx 
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(Radionuclide Fate and Transport Experiment) testbed at SRS19, 106.  The new lysimeter 
test bed, called the Radionuclide Fate and Transport Experiment (RadFATE), is designed 
to study relatively fast-moving radionuclides through vadose zone conditions and 
includes greater in situ chemical and hydrological monitoring.   
 237Np is a risk-driver for legacy nuclear waste management because of its long 
half-life (2.144 million years) and potential mobility of aqueous species in the subsurface.  
As an actinide element, oxidation state is the primary control on environmental behavior 
of neptunium8.  Tetravalent Np(IV) is highly insoluble and exhibits strong sorption to soil 
due to its high effective charge7, thus limiting potential transport.  Oxidizing conditions 
in the vadose zone result in formation of the soluble and mobile dioxycation NpO2+(aq)12. 
Thus, oxidation of NpO2(s) to form Np(V) increases the potential for transport of Np in 
the vadose zone. Previous work with Np lysimeters at SRS investigated transport from 
both oxidized and reduced solid Np sources over a three-year period in field lysimeters, 
with Np(V) displayed a high degree of mobility, as expected106.  Under oxidizing 
conditions such as those present in the field lysimeters, NpO2(s) would be expected to 
oxidize at the surface, producing NpO2+(aq) species which can subsequently be mobilized 
through the soil column, similar to reported dissolution mechanisms of UO2(s)73-75, 107.  
Despite this initial hypothesis, field lysimeter data for the NpO2(s) source showed 
transport of NpO2+(aq) species as well as colloidal Np species106.  From these initial 
findings, there were still questions about transport and dissolution mechanisms under 
partially saturated vadose zone conditions, particularly the extent of radial transport since 
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sampling in the previous field lysimeter study was limited to one-dimensional 
segmentation.   
The only radial (two-dimensional) data from field lysimeters comes from 
plutonium, initially added as Pu(V), studies from SRS in the 1980s, where data is at a 
larger scale (33-cm diameter vs. current 10 cm diameter lysimeters).  In this previous 
research, a 10.2 cm diameter core was taken from the center of the 33-cm diameter (13-
L) column, as well as 6 radial cores at 8.9 cm and 12.7 cm from center (3 each)108.  After 
two years, the majority of the plutonium was still contained in the source, or within the 
center core, with little plutonium reaching the cores at 8.9 cm and no detectable 
plutonium in the 12.7 cm cores108. Radial migration was not captured in this study, likely 
due to large diameter cores and samples taken far from the source region that were 
beyond maximum diffusion lengths of the highly immobile Pu.  Field lysimeters with 
smaller diameter and sampling closer to the source, as employed in the RadFLEx and 
RadFATE experiments, have a better chance to capture the extent of radial migration. 
 The objectives of the current field lysimeter study were to 1) measure the extent 
of lateral Np transport under vadose zone conditions and 2) characterize NpO2(s) sources 
before and after 9 mo environmental exposure.  A new sampling scheme was developed 
to separate an inner and outer region of the core, allowing for clarification of radial 
transport within the lysimeter.  To investigate alteration mechanisms of the solid sources, 
three separate but identical sources were deployed at different depths in the soil column 
to capture effect of volumetric water content.  The current work demonstrates radial 
transport of Np is a function of volumetric water content within the soil column, but 
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NpO2(s) source alteration has no variation with volumetric water content.   Overall, this 
latest information on NpO2(s) dissolution and transport reinforces the complexity of 
vadose zone conditions and potential pitfalls for long-term prediction of radionuclide fate 
and transport, and the need for extensive field-scale data for proper transport modeling 
and risk assessment.   
 
Materials and Methods 
Field Lysimeter Experimental Set-Up  
The lysimeters at RadFATE are constructed out of 70 cm tall and 10 cm diameter 
PVC pipe (Figure 5.1, left), packed with a representative sandy clay loam soil from 
SRS19, 86, previously used at the RadFLEx field lysimeter facility at SRS20, 22-24.  Relevant 
properties of the soil include low organic matter content (<1%) and a sand/silt/clay ratio 
of 66/14/20, pH of 4.76 (1:1 soil:water), with the clay fraction comprised of <95% 
kaolinite and trace amounts of illite, quartz, goethite, and hematite  (Appendix B, Table 
B.1). The columns were packed dry in approximately 5 cm lifts and 3 sources were 
placed in the center of the pipe at depths of 21 cm, 36.5 cm and 50 cm below the surface 
(Figure 5.1, left).  Source locations were chosen to maximize spacing and ideally 
minimize interaction between the three sources, as well as minimize potential 
experimental artifacts associated with being near the top and bottom of the column, 
which are often completely dry and completely saturated, respectively.   After packing 
and source placement, the lysimeter was outfitted with in-situ 5TE probes (Decagon), 
which measure apparent dielectric permittivity (unitless range from 1 to 80), bulk 
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electrical conductivity (range of 0 to 23 deciSiemens per meter), and temperature 
(Celsius).  Dielectric permittivity measurements were converted to volumetric water 
content by calibrating probes in known conditions (Supporting Information).  Probes 
were situated approximately 1 cm below each source to prevent interaction with sources 
but also capture source region behavior (Figure 1, left).  Data from probes were collected 
on 2-hour intervals throughout the experiment with the exception of a 1-month period 
due to instrument failure.   
The PVC pipes were maintained vertically using secondary containment pipes and 
were housed in an above-ground 2.4m W x 6.7m L x 3.7m H metal roll-off pan 
(Appendix B, Figure B.1), analogous to the RadFLEx lysimeter testbed design at the 
SRS19.  The lysimeters were open at the top and exposed to natural meteorological 
conditions for 9-months, then removed for destructive sampling.  Due to initial dry 
packing of the column and local drought conditions, 2 L, approximately 1 pore volume, 
of collected rainwater was added prior to the start of the experiment to the top of the soil 
column in 1 L increments on consecutive days to accelerate wetting of the soil in the 
early stages of the experiment.  Tubing was attached at the base of the PVC pipe to direct 
pore water from the bottom of lysimeters into collection bottles, sampled every 1-3 
months, depending on rainfall. 237Np concentration, pH, and dissolved oxygen (DO) 
content were measured for the effluent at each collection time point.   237Np concentration 
was measured using inductively coupled plasma mass spectrometry (ICP-MS), and 
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where Sp.A is the specific activity of 237Np (in units of Becquerels per gram.   The 
average measured pH of collected porewater during the 9-month experiment was 4.41, 
while the dissolved oxygen content was consistently saturated (8 mg/L). 
The NpO2(s) sources used for this study were produced on the HB-line at Savannah River 
Site and calcined at 650 oC39. Each source was prepared by adding a small amount of 
solid onto a 5-cm diameter filter paper19.  The exact activity of 237Np in each source was 
determined before deployment by direct measurement on a Canberra beryllium thin 
window (Model number GL1520R) low-energy high-purity germanium detector (HPGe).  
The 237Np activity was measured from the 86-keV gamma peak, which has an emission 
fraction (f) of 0.124.  The activity (A) of 237Np in Becquerels (Bq) in each source was 
then calculated from Knoll87: 
𝐴𝐴 = (𝑛𝑛𝐺𝐺−𝑛𝑛𝐵𝐵)
𝑐𝑐∗𝑓𝑓∗ε
             (2) 
Where ε is the detector efficiency, f is the emission fraction, t is the count time, and nG 
and nB are gross and background counts in the region of interest, respectively. The 
detector calibration and efficiency were determined using NIST-traceable standards in 
identical geometry to the samples.  The detector was energy calibrated using 57Co source 
(NIST-calibrated), which has 14.4, 122.1, and 136.5 keV gamma ray energies to provide 
an appropriate calibration range for 237Np, which has a gamma energy of 86 keV.   The 
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efficiency for 237Np is calculated from measurement of a NIST-traceable 237Np spiked 
sample and using an equation from Knoll87: 
𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝐸𝐸𝑠𝑠𝑒𝑒𝐴𝐴𝐸𝐸𝐸𝐸 (ε) = (𝑛𝑛𝐺𝐺−𝑛𝑛𝐵𝐵)
𝐴𝐴∗𝑐𝑐∗𝑓𝑓
           (3) 
where nG and nB are gross and background counts in the region of interest (86 keV), 
respectively, A is the activity of 237Np in the standard, t is the count time, and f is the 
emission fraction of the 86 keV 237Np gamma ray (0.124).  The minimum detectable 
concentration (MDC) of 237Np was determined using the Currie equation109: 
𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑁𝑁𝑑𝑑
ε∗𝑓𝑓∗𝑐𝑐∗𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐𝑐𝑐 𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐(𝜇𝜇)
           (4) 
𝑁𝑁𝑑𝑑 = �4.65 ∗ �𝐴𝐴𝐺𝐺� + 2.71           (5) 
 
And the standard deviation of the background-corrected count rate is given by the 
equation: 
𝜎𝜎 = �𝑅𝑅𝐺𝐺𝑐𝑐𝐺𝐺 +
𝑅𝑅𝐵𝐵
𝑐𝑐𝐵𝐵
            (6) 




The spatial distribution of 237Np was measured in the soil column post-experiment 
to determine extent of transport both vertically and laterally.  After removal from the test 
bed, the lysimeter was maintained vertically until placed horizontally in a HEPA-filtered 
glove box. The lysimeter PVC pipe was cut along the longitudinal axis and the top half of 
PVC pipe was removed to expose the soil column.  The soil column was segmented into 
1-cm sections from top to bottom using two spatulas to preserve the section in its entirety.  
Subsequently, a 5 cm diameter petri dish was used to remove the inner 5-cm circle from 
the segment, resulting in an “inner core” and “outer core” for each segment (Figure 5.1, 






















Figure 5.1: Schematic of lysimeter with three sources and three probes placed in repacked soil column 
(left), and photo and schematic of a representative 1-cm thick segment of soil showing Petri dish used to 
sample the “inner” and “outer” core sections (right).   
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After segmentation and separation of inner and outer cores, soil was placed into 
sealed bags and homogenized by hand before analysis.  The 237Np concentration in the  
soil was measured using low energy HPGe via detection of the 86 keV gamma-ray with 
an emission fraction of 12.4%. Samples for HPGe analysis were prepared by evenly 
dispersing 20 grams of soil across the bottom of a 4-inch petri dish. The samples were 
dried completely in a furnace for 2 days at 50°C, then measured on the HPGe for a count 
time of 1 day (86,400 seconds).  Activity, efficiency, and MDC are calculated in the same 
manner as described for NpO2(s) sources.  The activity was normalized to mass of dry 
soil (in grams) per sample to achieve concentration of 237Np in Bq/g. 
Desorption Studies  
 Desorption studies were performed to probe the geochemical behavior of 237Np in 
the soil after dissolution and transport through the soil column.  Five segments were used 
for desorption, with each segment having an inner and outer core separately sampled for 
desorption.  All experiments were performed in triplicate on the benchtop.  Potential 
samples for desorption were limited by very low concentrations of 237Np throughout most 
of the lysimeter.  Segments chosen were located 22.5 cm, 27.5 cm, 37.5 cm, 49.5 cm, and 
51.5 cm below the surface, giving a range of samples throughout the lysimeter and near 
each of the 3 sources.  5 grams of 237Np-containing soil was placed in a 50-mL centrifuge 
tube and equilibrated with 50 mL of 10mM NaCl background solution.  Samples were 
not pH adjusted and were allowed to desorb for one month.  Samples were centrifuged 
for 10 minutes at 8000 rpm in a Beckman Coulter C0650 fixed-angle rotor to remove 
particles >110 nm according to Stoke’s Law, as described by Jackson95, then aqueous 
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phase removed for analysis.  The aqueous samples were acidified to 2% nitric acid for 
inductively coupled plasma mass spectrometry (ICP-MS) analysis.  The total aqueous 
activity of 237Np in the sample was calculated by converting measured concentration 
(𝜇𝜇g/L) from the ICP-MS to activity as described for effluent analysis. The desorption 
coefficient, Kd, for each segment was calculated by comparing aqueous activity to initial 
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Where Nps and Npaq are the activity of 237Np in the initial solid phase and the final 
aqueous phase, respectively.  The standard deviation for Kd values was based on triplicate 
samples.    
 
Source Characterization 
Electron microscopy was used to characterize the surface of NpO2(s) source 
material before and after environmental exposure.  Four sources, three of which were 
deployed in the field lysimeter and one of which was kept as a control source in 
laboratory conditions, were imaged using a Hitachi S4800 high resolution Scanning 
Electron Microscope (SEM) with an accelerating voltage of 15kV and a working distance 
of 10 mm prior to deployment in the field, and then again after retrieval from the 
lysimeter soil.  Samples were prepared for SEM in a HEPA-filtered glove box by opening 
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each filter paper, which contains the source, and utilizing a pipette tip to transfer a small 
amount of remaining solid from the filter paper to double sided carbon tape mounted on 
an aluminum stub.  Stubs were not sputter coated for analysis.   
 
Results and Discussion 
Neptunium Release and Migration in Field Lysimeter 
 Neptunium concentrations were measured in the effluent of the lysimeter with a 
cumulative release of 45.6 Bq of 237Np (0.05% of total 237Np added) during the 
experiment, showing that Np was transported 20 cm downward from the bottom source to 
the base of the column in order to reach effluent collection.  In the soil analysis, both 
upward and downward migration of 237Np were observed from all three sources with up 
to 5 cm upward transport from the upper source (Figure 5.2). The exact extent of upward 
transport from the lower two sources is impossible to distinguish due to downward 
transport and interaction from sources above.  Upward transport is proposed to be due to 
diffusion through the pore space during wetting and drying cycles. We hypothesize that 
the upward movement observed occurs during drying stages, when downward advective 
flux of water through the source area was reduced and pore water is drawn preferentially 




Figure 5.2: .  Soil 237Np concentration profiles from inner and outer cores in field lysimeter (left).  
Difference in 237Np concentration between inner and outer cores as a function of depth (right).  MDC = 
Minimum detectable concentration and error bars represent HPGe gamma counting error (some error bars 
are hidden by the data symbol). 
 
The extent of radial 237Np migration varies as a function of frequency of complete 
or near complete soil saturation in the column.   Between the top and middle sources 
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core, whereas near the base of the lysimeter, concentration is almost equal between inner 
and outer cores (Figure 5.2, black open circles).  The differences in inner and outer core 
concentrations are hypothesized to be attributed to differences in volumetric water 
content over time at different depth in the column.  
 
 
In-situ volumetric water content measurements show that during the experiment, 
the top region of the soil column had a greater frequency of dry or only partially saturated 
conditions (Figure 5.3) and rarely achieved complete saturation.  The top of the column 
experienced prominent wetting and drying cycles, with volumetric water content varying 
Figure 5.3: Histogram of in-situ volumetric water content measurements from 3 regions of the soil column over the 
9-month field experiment. 
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from 0.14 to 0.40 and only maintaining greater than 80% saturation for 6.62% of the 
experiment (Table 5.1, Appendix Figure B.2). The middle and bottom regions overall had 
less variation in volumetric water content over time, with little frequency of very dry 
conditions and more consistently at or near complete saturation (Figure 5.3).  The soil in 
the middle and bottom of the column were over 80% saturated during 84.76% and 
88.11% of the experiment, respectively (Table 5.1, Appendix Figure B.2).  The bottom 
and middle also had higher average and median volumetric water content when compared 
to the top region of the column (Table 5.1). Taking the volumetric water content data into 
account, radial transport of 237Np is more prevalent in regions where soil is more 
consistently saturated, allowing for radial movement of 237Np from the sources through 
the available pore water, while in soil experiencing severe wetting and drying cycles, 
migration is limited due to lack of available pore water for diffusion.    
The higher saturation conditions would allow for greater connectivity between 
pores and potentially longer diffusion pathways.  Higher saturation conditions increase 
the effective porosity in the unsaturated zone, resulting in lower retardation (R), 
calculated as110: 
𝑅𝑅 = 1 + 𝜌𝜌𝐵𝐵∗𝐾𝐾𝑑𝑑
𝑛𝑛
                      (8) 
Where 𝜌𝜌𝐵𝐵 is the dry bulk density of the soil in g/cm3, Kd is the desorption coefficient in 
mL/g, and n is the effective porosity (unitless).  Lower retardation in highly saturated soil 
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conditions can then affect radial migration, as illustrated by a maximum diffusion length 
(L) estimate, which is a function of retardation110: 
𝑚𝑚 =  �2 𝐷𝐷
𝑅𝑅
𝑡𝑡          (9) 
   
where D is the diffusion coefficient in cm2/s, t is time in seconds, and R is the retardation 
factor (unitless, ratio of distance travelled by solute to distance travelled by water).  
Therefore, higher soil saturation would increase effective porosity and decrease. 
Retardation.  These changes increase maximum diffusion lengths, thus increasing 
potential for observation of radial migration from the source region.   
 
 
Table 5.1: Release of 237Np from sources deployed in lysimeter and associated volumetric water content 
data for each source region.    
Top Source Middle Source Bottom Source 
Location (cm below surface) 21 36.5 50 
% of Source Released 0.04 0.04 0.18 
Average Volumetric Water Content 0.263 0.319 0.326 
Time Above 80% Saturation 6.62% 84.76% 88.11% 
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NpO2(s) Source Alteration 
 The cumulative release of 237Np from each source is also shown to be a function 
of soil saturation over time.  The bottom source has an order of magnitude higher 
percentage of the source released as compared to middle and top sources (Table 5.1).  
The trend in source release demonstrates that in areas with consistently higher saturation, 
there is increased dissolution and release from NpO2(s), which can be attributed to more 
readily available porewater.  This trend is also contrary to redox conditions dominating 
release, or we would measure greater release under the more aerobic conditions in the 
upper portion of the core. 
SEM imaging of NpO2(s) after 9 months of environmental exposure shows 
alteration of the surface of NpO2(s). NpO2(s) sources prior to deployment have a well-
defined cubic structure (Figure 5.4, top left), which is expected for actinide dioxides41.  
Previous x-ray absorption spectroscopy data confirmed the initial NpO2(s) solid phase 
persists throughout lysimeter experiments of a similar timeframe106.  The surface of the 
material is relatively smooth, with minimal cracking.  Earlier field experiments with the 
same NpO2(s) solid material noted significant surface alteration and loss of defined cubic 
structure due to oxidation and subsequent dissolution at the surface during 3 years of 
environmental exposure106.   In the current field experiment, the much shorter duration (9 
months) resulted in a lesser degree of surface alteration, with the cubic structure still 
maintained (Figure 5.4, top right).  But examining the surface closely, grain boundaries 
and surface cracking are pronounced.  It is also apparent that some grains have broken off 
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from the larger matrix (Figure 5.4, bottom). There is no noticeable difference in the 
morphological change between the 3 sources, despite differences in total 237Np released 
from each source.  The lack of distinct morphological differences between sources with 
depth is likely  due to the short duration of the experiment relative to the solubility and 
stability of the high-fired NpO2(s). The source alteration observed is primarily at the 
grain boundaries, even showing gaps in the matrix where individual grains have broken 
off.  This grain boundary facilitated dissolution could potentially produce a mobile 




Desorption experiments further support the hypothesis that colloids may play a 
role in transport of 237Np in lysimeters.  In all but the lowest core section (49.5, 37.5, 
27.5, and 22.5 cm depth), desorption Kd values were not significantly different (P ≤ 0.05, 
500 nm 
1 𝜇𝜇m 
Figure 5.4: SEM images of NpO2(s) sources before deployment (top left) and after 9-month field exposure 
(top rightand bottom).  Bottom image is a close-up of inset box in top right image.   
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n = 3) between the inner and outer cores, ranging from 7-24 mL/g (Figure 5.5).   In the 
segment soil section nearest the bottom of the column (51.5 cm), Kd values were 
significantly (P ≤ 0.05, n = 3) greater in the inner core (175 mL/g) than the outer core (20 
mL/g) (Figure 5.5).     
Previously published adsorption and desorption Np(V) Kd values for this exact 
soil range from 5.5 - 72.2 mL/g 86, 106, suggesting that all sorbed 237Np in the middle and 
upper region of the lysimeter is Np(V) and that Np that has migrated into the outer core is 
Np(V) as well.  The higher Kd values in the bottom segments indicate that Np(V) is not 
the only mobile species. Statistical analysis (Tukey test) confirms that the Kd values 
measured in the 51.5 cm inner segment (Kd = 175 mL/g), and 49.5 cm inner (Kd = 331 
mL/g) and outer (Kd = 262 mL/g) segments are significantly greater than all other 
reported Kd values (Kd = 7.4- 20 mL/g).   The increase in Kd values in these segments 
may be attributed to the presence of colloidal Np.  The increase in Kd cannot be the result 
of Np(IV) aqueous species, given that the maximum diffusion length of Np(IV) in this 
soil would be less than 0.28 cm (calculated using Kd of 1000 mL/g,  measured porosity of 
0.377 and dry bulk density of 1.25 g/cm3 for this lysimeter, a total time of 9 months, and 
diffusion coefficient for Np(IV) from Mauerhoefer et al.111), meaning Np(IV) species 
could not reach the outer core, as observed in the 49.5 cm segment (Figure 5.5). 
However, a Np colloid could diffuse in the highly saturated pore space in the bottom 
region of the column.    
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Figure 5.5: 1-month desorption coefficients (Kd) for soil samples from both inner and outer core samples 
from locations throughout the field lysimeter.  Error bars represent measurement from triplicate samples.  
Np desorption data is taken from Peruski et al. and Np sorption data from Montgomery et al. Data set with 
“*” indicates statistical difference between inner and outer core value.   Data with “^” above are 
statistically different than other data sets.   
 
Environmental Significance  
Evidence of the mobility of Np from NpO2(s) sources in field-scale studies is 
strengthened by measurement of radial transport under vadose zone conditions.  Extent of 
radial transport is notably affected by volumetric water content changes with depth in the 
soil column, as well as wetting and drying cycles.  Areas in the soil column that are 
consistently at or near complete saturation promote increased diffusion, as well as 
dissolution and transport of multiple aqueous Np species, resulting in significant radial 













Distance from top of lysimeter to soil segment











result in more one-dimensional transport of oxidized Np species.  Previous lysimeter 
modeling efforts assume one-dimensional transport through the soil column23, 24 for 
simplicity, but the higher spatial resolution chemical data and in-situ hydrologic 
measurements provided in this work may suggest the need to revisit radial or two-
dimensional models, particularly for hydrologic parameters, given that volumetric water 
content appears to be a driver of chemical mobility of Np,  
Characterization of NpO2(s) sources after the 9 months of field exposure 
uncovered key information about dissolution mechanisms of the solid phase.  Imaging 
indicated grain-boundary facilitated dissolution and preferential alteration at grain 
boundaries.  Detection of entire grains breaking from the high-fired oxide supports the 
hypothesis that colloids can be transported after fragmentation from the source into the 
soil column, along with aqueous Np(V), as previously hypothesized in other Np lysimeter 
studies106.  Such NpO2(s) colloids may likely be a factor in highly saturated areas near the 
bottom of the lysimeter in this short-term experiment as well, as evidenced by changes in 
Kd values and heterogenous distribution of activity in the soil in this region.  The new 
imaging of the morphological changes to the source material presented in this work 
strengthens the argument that nano-sized colloids are formed as NpO2(s) sources age 
under vadose zone conditions.   Confirmation of NpO2(s) dissolution rates and 
mechanisms and potential colloids released from the source requires targeted laboratory 
experiments, as low-level concentrations of Np used in field-scale studies inhibit isolation 
of particulate or colloidal matter, and laboratory dissolution is needed to measure exact 
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NpO2(s) FROM LEGACY WASTE PROCESSING 
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Abstract 
Dissolution of actinide dioxides, including neptunium dioxide (NpO2(s)), is 
paramount for prediction of environmental fate of nuclear materials.  Quantifying 
dissolution rates, as well as understanding qualitative dissolution mechanisms, informs 
performance assessment for geologic disposal of spent nuclear fuel and management of 
legacy radioactive waste.  The aim of this research was to measure the dissolution rate of 
nanocrystalline NpO2(s), produced through legacy nuclear waste processing, under 
oxidizing conditions, as well as to characterize surface alteration to the material.  The 
solid phase was characterized using electron microscopy techniques (SEM/STEM) and x-
ray photoelectron spectroscopy (XPS), indicating preferential dissolution of Np-
hydroxide contained in the grain boundaries of NpO2(s) and fragmentation of grains from 
the matrix.  The oxidative dissolution was monitored over 40 weeks, yielding a two-step 
kinetic dissolution model involving hydration of NpO2(s) and subsequent oxidation and 
dissolution of the hydroxide phase.  The proposed dissolution models for nanocrystalline 
NpO2(s) suggest that microstructural features such as grain boundaries are key factors 
affecting dissolution, including release of colloidal particles, and ultimately,  
environmental fate and transport of nuclear materials.  
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Environmental Significance Statement 
Actinide elements have been demonstrated to inherently form nanocrystalline 
phases of concern when evaluating potential geologic disposal of spent nuclear fuel and 
management of wastes from legacy weapons production. A mechanistic understanding of 
actinide geochemical behavior is necessary for the prediction of environmental fate and 
transport of actinide elements in the subsurface. The formation of nanocrystalline phase 
has the potential to increase the solubility and environmental mobility of the actinides 
and the potential for colloidal transport of actinide dioxide phases. In this study, oxidative 
dissolution of NpO2(s) is monitored over 40 weeks, revealing that both aqueous neptunyl 
ion and colloidal Np emanate from the initial nanocrystalline material. Findings may alter 
conceptual models for dissolution and transport from actinide oxides.   
 
Introduction 
Neptunium (Np) is a man-made, radioactive element.  One of the most critical Np 
isotopes is 237Np because of its long-lived nature (half-life of 2.144 million years), use in 
a variety of processes in the nuclear fuel cycle, and potentially high mobility and 
persistence in the environment.  237Np is found in spent nuclear fuel3 from commercial 
power production and is also part of the legacy waste stream from United States nuclear 
weapons production. The U.S. Department of Energy (DOE) Savannah River Site (SRS) 
produces neptunium dioxide (NpO2(s)) through an oxalate precipitation and calcination 
process for purification, stabilization, and eventual use in the production of Pu-23838-40. 
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Estimates of total DOE production of Np exceed 1-2 tons, with SRS holding 294 kg of 
Np as of 19982.   
Geologic disposal of spent nuclear fuel from commercial nuclear reactors is being 
considered and implemented in numerous countries around the world112, necessitating 
thorough prediction of environmental degradation of solid phases relevant to spent fuel 
for performance assessment and policy decisions.  While the main constituent of spent 
nuclear fuel is uranium dioxide (UO2(s)), burnup produces other actinide oxide phases, 
such as NpO2(s) and PuO2(s), which can be found as substitutions in the fuel grain 
matrix3, 113.  Actinide oxides, such as NpO2(s), are profoundly insoluble under reducing 
conditions9, 85, thus limiting environmental mobility of actinides.  However, Np can 
undergo redox reactions in common environmental conditions, making it a risk-driver for 
environmental management of legacy waste.  When in oxidized forms, Np is extremely 
soluble and mobile in environmental waters and sediment7, 8, 12, 84, necessitating 
prediction of oxidation of NpO2(s) to the more mobile, oxidized species.  Potential 
alteration and dissolution of spent nuclear fuel in a geologic repository due to presence of 
oxidizing sources, such as peroxide, oxygen gas, or oxidizing groundwater could result in 
significant environmental contamination3, 113. Under oxidizing conditions, NpO2(s) may 
undergo oxidative dissolution, forming the mobile NpO2+ dioxycation (mobility relative 
to Np(IV) aqueous ion). The potential mobility of NpO2+ has been recognized as an 
important factor in risk assessment for geologic disposal of spent nuclear fuel, with 
emphasis on Np(V) solubility and speciation in environmental waters12, retardation of 
Np(V) aqueous species in sediment26, 27, and reactive transport modeling of Np at 
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potential disposal sites114.   Specific environmental dissolution and transport studies of 
NpO2(s) sources in the vadose zone (oxidizing conditions) found ionic and colloidal 
mobile Np species emanating from NpO2(s) sources106, 115, suggesting great complexity 
of NpO2(s) dissolution and supporting the need for laboratory-scale oxidizing dissolution 
studies to confirm dissolution rate and mechanism in a more controlled setting.   
Previous NpO2(s) dissolution studies have focused on strict reducing conditions 
and measurement of total aqueous solubility.  Early work explored solubility of Np(IV) 
hydrous oxide in acidic68 and alkaline conditions63, 69.  Much of the data collected on Np 
in these studies is at or below aqueous detection limits due to instrumental detection 
limits of the time.  Neck et al.10 were able to achieve better detection limits for Np by 
using advanced absorption spectroscopy techniques.  Data in these studies are generated 
from a Np (IV) hydrous oxide solid, precipitated through a rapid neutralization of acidic 
Np(IV) solution, rather than crystalline NpO2(s). To produce Np(IV) hydrous oxide, 
NaOH is rapidly added to Np(IV) solution in HClO4 or HCl to adjust pH to 8-10, or as 
high as 12, producing a solid precipitate that is rarely characterized outside of powder x-
ray diffraction10, 57, 62, 63. A more recent study by Kim et al.70 does report the solubility of 
crystalline NpO2(s), rather than a hydrous oxide, but the work is site-specific to the 
Korean test site for geologic disposal under reducing, alkaline conditions, resulting in 
primarily dissolved Np(IV) hydroxide and carbonate aqueous species.  The few studies of 
oxidative dissolution of NpO2(s) do not present dissolution rates and present limited data 
describing the characterization of the solid phases57, 62, 71. The specific solid phase used in 
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a dissolution study is highly important, given that reported solubility values vary by 
orders of magnitude between crystalline NpO2(s) and amorphous Np hydroxide9, 85.   
A key gap in existing NpO2(s) dissolution data is a thorough understanding of the 
dissolution reaction at the solid-water interface, including characterization of surface 
alteration and presentation of mechanistic dissolution models.  The impact of solid phase 
microstructures, especially grain boundaries, on dissolution processes has been 
recognized for UO2(s) with relation to spent nuclear fuel.  Dissolution has been shown to 
occur primarily at the grain boundaries, forming large channels within the fuel matrix73, 
79, 116, 117, and under oxidizing conditions, forming secondary phases at the grain 
boundaries118.  Grain boundaries are considered to be highly reactive and primary sites of 
dissolution processes, as evidenced by work with nanocrystalline CeO2(s)80, 119 and 
ThO2(s)81, but the role of such microstructures has not been evaluated for transuranic 
(Np, Pu) oxides.  Therefore, the objective of this work is to 1) measure the oxidative 
dissolution rate of nanocrystalline NpO2(s) and 2) characterize surface alteration to the 
solid phase.  Through aqueous dissolution data as well as a suite of surface 
characterization, we find that nanocrystalline NpO2(s) undergoes a two-step grain 
boundary facilitated dissolution, producing a both ionic and colloidal Np in solution.  The 
high-resolution characterization of the surface of NpO2(s), along with conceptual and 
kinetic dissolution models, provide new insight into the fate of NpO2(s) in environmental 
conditions to inform performance assessment for long-term environmental fate of spent 
nuclear fuel and remediation of legacy nuclear waste contamination.   
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Materials and Methods 
NpO2(s) Dissolution 
Approximately 5 mg of NpO2(s) was dissolved in triplicate in 20mL of a 
simulated pore water from Savannah River Site120 (Appendix C, Table C.1) at an initial 
pH 5.02.  Dissolution experiments were mixed on an orbital shaker at 90 rpm at 25°C for 
the duration of the experiment.  20 𝜇𝜇L aliquot and were taken at each time point over the 
10 month-duration of the experiment, diluted to 2 mL in deionized water, and centrifuged 
for 10 minutes at 8000 rpm in a Beckman Coulter C1015 fixed-angle rotor to remove 
particles >100nm according to Stoke’s Law95.  1 mL of sample was filtered using a Pall 
centrifuge filter (10kDa MWCO), while the remaining sample was reserved as unfiltered.  
Both filtered and unfiltered sample were diluted with 2% HNO3 for inductively-coupled 
plasma mass spectrometry (ICP-MS) analysis for 237Np concentration in the aqueous 
phase.  Eh and pH were monitored throughout the experiment but were not adjusted.  At 
the completion of the experiment, remaining solid was separated, dried, and weighed to 
determine final mass of NpO2(s). 
 
NpO2(s) Characterization 
The NpO2(s), obtained from Savannah River National Laboratory, was 
synthesized by oxalate precipitation and subsequent calcination to approximately 650°C 
as part of testing for the HB-line process39, 40.  Upon receipt at Clemson University, 
NpO2(s) was stored in a vinyl anerobic chamber (Coy Laboratory Products, 0 ppm O2(g), 
1.5% H2(g)) and rinsed with degassed deionized water for 48 hours prior to further 
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analysis.  Solid was then suspended in a small amount of ethanol and divided into 
aliquots for dissolution experiments and solid phase characterization.  Initial material was 
characterized using scanning electron microscopy (SEM), scanning transmission electron 
microscopy (STEM), and X-ray photoelectron spectroscopy (XPS).  Small amounts of 
the solid phase were sampled during and after dissolution experiment for characterization 
using the same techniques.  The NpO2(s) obtained from Savannah River National 
Laboratory was also characterized using x-ray absorption spectroscopy (XAS) as part of a 
previous study106, confirming the material to be Np(IV)O2(s).   
 Samples were prepared for SEM by transferring solid onto an aluminum stub with 
double-sided carbon tape.  Samples were not sputter coated prior to analysis. SEM 
images were taken on a Hitachi S4800 high resolution scanning electron microscope with 
an accelerating voltage of 15kV and a working distance of 10 mm.  Samples were 
prepared for STEM by casting 3 𝜇𝜇L of NpO2(s) suspended in ethanol onto a copper-
coated lacey carbon grid (300 mesh).  Excess liquid was blotted from the grid using a 
Kimwipe and grids were allowed to dry, covered in a fume hood, prior to analysis.  
STEM images were taken on a Hitachi HD2000 scanning transmission electron 
microscope with an accelerating voltage of 200kV.  
 Samples were prepared for XPS by first suspending a small amount of NpO2(s) in 
deionized water.  Samples were embedded at the surface of a thermoplastic adhesive 
(TempFix Mounting Adhesive) by heating a 6x6x1 mm aluminum mounting plate on a 
hot plate to 120°C, melting a small amount of resin onto the aluminum, then allowing it 
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to cool for approximately 5 minutes before pipetting 3 𝜇𝜇L of the suspension of NpO2(s) 
onto the surface of the resin.  The sample was removed from the hot plate, allowed to 
cool for 24 hours, then cleaned with a Kim Wipe and ethanol to remove any loose 
particles.  Substrates were adhered to the platen using carbon tape and an aluminum 
mask. The XPS data for Np samples was collected via PHI Versa Probe III with a 
monochromatic Al Kα X-ray source (hν = 1486.6 eV). The Al anode was powered at 
25W and 15 kV. The instrument was calibrated to Au and Ag metallic binding energy 
(BE) and instrument base pressure was above 1 x 10-7 Torr. The analysis area size was 
1000 x 1000 𝜇𝜇m2 scanned with a beam size of 100 𝜇𝜇m in diameter. Charging was 
compensated with electron beam charge neutralization. The binding energies were 
calibrated to the C 1s peak at 284.8 eV.  For all samples survey spectra were collected 
with a step size of 0.8 eV, dwell time of 50 ms, a pass energy of 224 eV, and with three 
sweeps per spectra. The high-resolution spectra for Np 4f, C 1s, and O1s were collected 
at 90 degrees with a pass energy of 140 eV, 0.125 eV step size, and a dwell time of 100 
ms. C 1s and O 1s were collected with 3 sweeps and 6 sweeps respectively. Np 4f spectra 
were collected with a pass with 30 sweeps due to low concentration of Np relative to C 
and O.   
 XPS peak fitting for Np 4f peaks was determined based on published actinide 
dioxide XPS literature81, 121-123 and a series of controls including Np(IV) and Np(V) 
hydroxide samples run under the sample experimental protocol described above.  Np(IV) 
and Np(V) hydroxide controls were prepared by rapid neutralization of acidic Np(IV) and 
Np(V) stocks, according to established methods by Strickert et al.62 and Neck et al.124, 
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respectively. All spectra were first calibrated to carbon 1s signal at 284.8 eV. Peak 
fittings were modeled in Casa XPS. A U 2 Tougaard baseline was applied to all samples. 
Initial peak approximation model was based on analysis done by Vandenborre et al.81 and 
Teterin et al.121. Peaks were then fit with the peak fitting parameters of SGL(60) and 
asymmetry factor T(1) and a FWHM of 1.75 eV for 7/2 and 5/2 peaks and 1.30 eV for 
satellite peaks within the Casa.  Based on the broadness of the 4f 5/2 and 7/2 transitions 
as well as the described peak fitting parameters, the Np spectra was fit with two species 
resulting in two doublets, with two satellite peaks corresponding to 4f 5/2 and 7/2 
transition respectively. Fitting parameters were kept consistent across all samples, and 
table of parameters is provided in Appendix C.   
 
Results and Discussion 
NpO2(s) Dissolution 
NpO2(s) dissolution was monitored over the course of 40 weeks, showing a 
change in dissolution rate over time and the presence of a dissolved, filterable colloid 
throughout the experiment.  Dissolution proceeded rapidly over the first 4 weeks of the 
experiment, then more gradually for the duration of the 40 weeks, reaching a maximum 
237Np aqueous concentration of 5 x 10-6 M (Figure 6.1).  For all samples, less than 0.5% 
of total solid dissolved.  There was good agreement between triplicate samples, except 
for one replicate which underwent a significant pH shift after 8 weeks (Appendix C, 
Figure C.1).  The average pH of that replicate was 7.29 + 0.81, whereas the other two 
replicates had an average pH of 5.06 + 0.37 over the course of 40 weeks.  Given the 
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unexplained pH shift of one replicate after 8 weeks, subsequent data from this replicate 
was excluded from averages presented in Figure 6.1. Across all samples, the average Eh 
was 548.7 + 30.1 mV, indicating an oxidizing system.  Filtered aqueous concentration of 
237Np was consistently lower than unfiltered concentration (Figure 6.1), indicating the 
presence of a filterable colloid being dissolved from the solid along with other aqueous 
ionic species.  The average filterable fraction of 237Np during the dissolution experiment 
was 0.17 + 0.08 (Appendix C, Table C.3).  Filterable fractions above 0.1, even in the first 
days of the experiment, indicate colloids were present soon after dissolution began.  
While the filterable fraction varied throughout the experiment, the highest values were 
recorded beyond 8 weeks, suggesting that the number of dissolved colloids increased 































Figure 6.1: Average aqueous 237Np concentration (M) as a function of dissolution time.  Standard 




Electron microscopy showed that the as received NpO2(s) was composed of large 
aggregates with complex microstructure.  Under low magnification,  the NpO2(s) 
appeared to be primarily composed of 10-50 𝜇𝜇m aggregates (Figure 6.2, top left).  Higher 
magnification imaging revealed that the aggregates were composed of platelets (Figure 
6.2, top right), which had distinct 10-50 nm grains and noticeable internal porosity 





100 𝜇𝜇m 5 𝜇𝜇m 
500 nm 
Figure 6.2: Scanning electron microscopy images of initial NpO2(s) at 3 different magnifications. 
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Imaging of the solid phase during and after dissolution indicated preferential 
dissolution at grain boundaries, resulting in breakdown of the aggregate structure.  STEM 
images of the solid phase after 12 weeks showed rounding at the edges of grains 
(Appendix C, Figure C.2), suggesting that the material within the grain boundaries was 
first to dissolve.  Preferential grain boundary dissolution has been reported for similar 
polycrystalline oxide materials, such as CeO2(s)80, 119 and ThO2(s)81. After 40 weeks of 
dissolution, the material was primarily composed of smaller aggregates with significant 
weathering and breakage (Figure 6.3, top row). The edges of the aggregate were jagged 
and there was a large hole in the center of the aggregate (Figure 6.3, top left). There were 
individual grains present on the surface of the material, seemingly not attached to the 
primary matrix, as well as step features on the surface (Figure 6.3, top right) where 
presumably entire sections of the matrix had been broken off.  There were also individual 
grains or small aggregates of 50-300 nm size present (Figure 6.3, bottom row) along with 
the larger, altered aggregates.  These smallest aggregates were likely pieces that had 
broken off of the larger structures during the dissolution process.  The preferential grain 
boundary dissolution supports the hypothesis that the matrix loses cohesion as grain 
boundaries are eroded, resulting in the release of individual grains or sections from the 




XPS investigation of the initial NpO2(s) solid showed the Np 4f spectrum with 
expected spin-orbit split doublet (4f7/2 and 4f5/2) and associated shake-up satellites (Figure 
4) and was best fit with 2 peaks (Peak 1, yellow and Peak 2, pink in Figure 6.4), 
indicating the presence of two chemical environments for Np.  The distance between 
Peak 1 and Peak 2 was an average of 1.17 eV ± 0.15 eV (Table 6.1), making two peaks 
800 nm 200 nm 
150 nm 100 nm 
Figure 6.3: Scanning transmission electron microscope images of NpO2(s) after 40 weeks of dissolution.  
Top row: large, partially dissolved aggregate (left) and higher magnification view of aggregate (right).  
Bottom row: smaller, isolated aggregates. 
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necessary for the fitting to avoid an excessively broad peak (~2ev), as described in the 
Methods section. This significant peak separation in conjunction with the total FWHM of 
the raw unfitted peak both indicate the presence of two species.  Peak 1 (yellow) 
corresponds to NpO2(s) when compared to published NpO2(s) binding energy (BE), peak-
to-peak distance for the spin-orbit doublet, and satellite distances from Teterin et al.121 
and Veal et al.122.  Measured binding energies for the initial sample for Peak 1 are within 
0.5-0.6 eV of literature values121, 122. Slight shift in binding energy with respect to 
published values can be attributed to a variety of factors, including sample charging, 
particle size effects, or differences in instrumentation.  Peak-to-peak distance (4f7/2 to 
4f5/2) in the initial sample was 11.64 eV, which agrees well with 11.7 eV reported in 
Teterin et al.  Satellite distances for Peak 1 are 6.78 eV and 6.85 eV for 4f7/2 and 4f5/2, 
respectively, compared to 6.9 eV from Teterin et al.121.  Full list of BE provided in Table 
6.1, with additional data in Appendix C.  Given the agreement between Peak 1 (yellow) 
spectrum and published NpO2(s) literature, Peak 1 is attributed to NpO2(s) and will be 
referred to subsequently as the oxide phase.  Peak 2 corresponds to a second chemical 
environment of Np, which is proposed to be the hydroxide phase.  Published data on 
Np(IV) hydroxide or hydrated phases are not available, but a similar second chemical 
environment was proposed for ThO2(s) by Vandenborre et al.81, and the slight influence 




The oxidation state of the sample was determined based on comparison to Np(IV) 
and Np(V) controls.  Published literature on Np oxidation state determination via XPS is 
limited but suggests that satellite peaks are an appropriate means for oxidation state 
assignment125.  More extensive literature is available on uranium oxidation state 
assignment using XPS126, 127, which asserts that peak to satellite distance is the best 
method for oxidation state determination, rather than the 4f binding energies.  The 
measured distance to satellites of Np(IV) hydroxide and Np(V) hydroxide control 
samples were 7.16 eV ± 0.34 eV and 10.07 eV ± 0.11 eV respectively (Appendix C 
Figure C.3 and Table C.4).  Given the approximately 3 eV difference in satellite peak 
location, the satellite distance was identified as the key marker for oxidation state of the 
samples.   The measured distance to satellites of the initial and dissolved samples were 
6.7 eV ± 0.35 and 6.4 eV ± 0.45 eV, respectively, identifying these samples as Np(IV).  
Measured BE, satellite distances, and Np 4f spectra for Np(IV) and Np(V) controls are 
Figure 6.4: X-ray photoelectron spectroscopy 4f spectra for NpO2(s) before (left) and after (right) 
dissolution. Smoothed raw data shown in gray and fit envelope shown in black.  For both spectra, Peak 1 
shown in yellow and Peak 2 shown in pink.   
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provided in Appendix C.   The absence of Np(V) solid phases both before and after 
dissolution indicates that no secondary oxidized Np phases precipitated during 
dissolution, but rather, that Np(V) forming on the surface rapidly desorbs into solution 
(i.e., any oxidized Np remains in solution). 





   
Binding Energy (eV) 
  Distance 
P1 to P2 
 Peak 1 Peak 2 Sat 1 Sat 2 Peak 1 Peak 2 Sat1 Sat 2 
Δ1-2 (eV) 
 4f7/2 4f7/2 4f7/2 4f7/2 4f5/2 4f5/2 4f5/2 4f5/2 
Initial 
Avg. 402.93 404.09 409.67 410.77 414.68 415.66 421.49 422.52 1.17 
StDev 0.06 0.08 0.49 0.27 0.15 0.10 0.28 0.29 0.15 
Dissolved 
Avg. 404.20 405.93 410.54 412.34 415.72 417.26 422.12 423.85 1.73 
StDev 0.48 0.32 0.58 0.94 0.61 0.66 0.35 0.31 0.17 
 
Comparing the initial solid to the dissolved solid, a change in the P1/P2 ratio 
indicates a preferential dissolution of the hydroxide phase.  The ratio of Peak 1 (oxide) to 
Peak 2 (hydroxide), shown as inset in Figure 6.4, was calculated to understand the change 
in the sample between the initial and dissolved material. Based on the peak fitting results 
there is a clear shift in material composition evident from the decrease in Peak 2 relative 
to Peak 1 between the initial and dissolved materials (Figure 6.4). The calculated peak 
ratios for initial and dissolved materials were 0.99 ± 0.01  and 0.42 ± 0.08,  respectively.  
This represents a shift from approximately a 1:1 ratio of hydroxide to oxide for initial solid 
to a 1:2 ratio of hydroxide to oxide for the dissolved solid, indicating a significant loss of 
the hydroxide phase that was initially present with respect to the oxide phase.   The 
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hydroxide phase would be expected to be growing in on the surface of material, particularly 
in the grain boundaries, during the dissolution process due to surface hydration.  However, 
the XPS data indicates a loss of hydroxide phase, suggesting that the dissolution rate of the 
hydroxide phase, which was present in some initial fraction, evidently is far greater than 
the ingrowth rate.   
 
Dissolution Mechanism and Rate 
From the aqueous and solid phase data, we propose a conceptual model of the 
dissolution mechanism of nanocrystalline NpO2(s), where grain boundaries are the 
primary point of reaction for dissolution (Figure 6.5).  The polycrystalline material 
contains both NpO2(s) and a secondary hydroxide phase, shown in XPS data.  The XPS 
results also indicate that an initial fraction of the hydroxide phase is preferentially 
dissolved with respect to the oxide, despite expected ingrowth.  Literature from ThO2(s) 
also proposes a conceptual model where ThO2(s) dissolves by preferential dissolution of 
a hydroxide phase81. Dissolution also preferentially occurs at the grain boundaries of 
NpO2(s), as evidenced by electron microscopy, and supported by ThO2(s)81 and CeO2(s) 
literature80, 119, which note preferential grain boundary dissolution in nanocrystalline 




Comparison of filtered versus non-filtered samples in the batch dissolution studies 
indicates the presence of colloids in solution. These colloids are likely individual 
crystallites or small aggregates broken off from the nanocrystalline matrix as confirmed 
by electron microscopy.  Aqueous phase data also shows the presence of aqueous ionic 
Np, which is presumed to be oxidized in the form of NpO2+ due to oxidizing aqueous 
conditions.  Overall, the NpO2(s) dissolution occurs primarily at the grain boundaries of 
the nanocrystalline material, which contain a hydroxide phase which is readily oxidized 












and dissolved.  Grain boundary dissolution leads to eventual breakage of entire grains 
from the matrix, resulting in both ionic and colloidal Np in solution.   
Based on the proposed conceptual model, a kinetic model for NpO2(s) dissolution 
is developed based on a two-step mechanism of NpO2(s) conversion to a hydroxide phase 
and subsequent oxidation and dissolution of the hydroxide.  The overall reaction is given 
by: 
𝑁𝑁𝑁𝑁𝑂𝑂2 + 𝑥𝑥𝑂𝑂2𝑂𝑂 
𝑘𝑘1
� 𝑁𝑁𝑁𝑁𝑂𝑂2 ∙ 𝑥𝑥𝑂𝑂2𝑂𝑂 
𝑘𝑘2
� (𝑁𝑁𝑁𝑁𝑂𝑂2)(𝑐𝑐𝑎𝑎)
+ + 𝑥𝑥𝑂𝑂2𝑂𝑂 











= 𝑘𝑘2[𝑁𝑁𝑁𝑁𝑂𝑂2 ∙ 𝑥𝑥𝑂𝑂2𝑂𝑂] 
 
These equations are solved numerically, based on initial conditions from experimental 
data (full solutions and initial conditions presented in Appendix C). The model fit to the 
experimental data shown in Figure 6.6 was obtained using values of 4.0 x10-7 hr-1 and 3.5 
x 10-3 hr-1 for k1 and k2, respectively, indicating that the conversion of NpO2(s) to a 
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hydrated phase is the rate-limiting step. This is supported by the experimental 
observation of Np(IV) as the only solid phase species indicating that oxidation to Np(V) 
is slower than desorption of Np(V). Initial rapid dissolution from the material can be 
attributed to the rapid oxidation/dissolution of the initial fraction of a highly available 
hydroxide phase. A corollary to this observation is that the oxidation of the hydroxide 
phase is more rapid than oxidation of the oxide phase.   
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Figure 6.6: Kinetic fitting of aqueous unfiltered Np experimental data from a single replicate of dissolution.  
Error bars on experimental data are shown but hidden by data points and represent measurement error from 
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𝑅𝑅𝑆𝑆𝑆𝑆 = 1.29 × 10−15 
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Conclusions 
Dissolution experiments and solid phase characterization were performed to 
determine an oxidizing dissolution rate and mechanism of a nanocrystalline NpO2(s) 
derived from DOE legacy waste processing to inform environmental performance 
assessment for actinide waste disposition. The conceptual model describes preferential 
dissolution of a hydroxide phase, contained within the grain boundaries of the material, 
leading to fragmentation of the matrix and both ionic and colloidal Np species in 
solution.  The dissolution rate is controlled by initial rapid oxidation and dissolution of 
the hydroxide phase and then limited by the slow hydration of the crystalline oxide phase.  
Changes to surface features of nanocrystalline NpO2(s) are observed in electron 
microscopy, revealing the solid is preferentially dissolved at the grain boundaries, which 
agree well with conceptual models for dissolution of other nanocrystalline oxide 
materials80, 81, 119.  Identification of colloidal Np in the aqueous phase, along with imaging 
of nanometer-sized crystallites after dissolution, implies that colloid-facilitated transport 
of Np may play a role in environmental mobility from nanocrystalline actinide dioxides, 
as is also proposed in field-scale transport data on NpO2(s)106, 115.  The complexity of 
NpO2(s) dissolution indicates that thorough characterization of actinide solid phases, 
particularly microstructural features such as grain boundaries, is warranted for 
assessment of environmental fate and transport of actinides.  Nanoscale differences in 
source terms may also help explain the large observed differences in solubility of 
NpO2(s) and reveal the need for more comprehensive studies of formation, evolution, and 
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Abstract 
Comprehensive thermodynamic understanding of nuclear materials is paramount 
for long-term management of legacy nuclear waste and commercial spent nuclear fuel.  
Actinide oxides (AnO2(s)) are ubiquitous materials throughout the nuclear fuel cycle, yet 
existing thermodynamic data has noticeable discrepancies, creating uncertainty in 
environmental prediction of the fate of nuclear materials.  Microstructural features of 
actinide oxides, particularly for neptunium (Np) and plutonium (Pu), are rarely 
investigated using high resolution electron microscopy, but such features may illuminate 
why differences in solubility measurements persist. The aim of this study was to 
synthesize and characterize NpO2(s) at varying calcination temperatures and use batch 
solubility studies to measure total dissolved Np as a function of calcination temperature. 
The current work demonstrates the sizable differences in dissolution of NpO2(s) based on 
simple preparation parameters, such as the temperature at which the material is calcined, 
and the need for more thorough evaluation of solid phases used to generate 




Proposed geologic disposal of commercial spent nuclear fuel, along with ongoing 
management of legacy nuclear waste, necessitates prediction of environmental fate and 
transport of actinide solid phases, which comprise a majority of long-lived nuclear waste 
products.  Actinide dioxides (AnO2(s)) are key  solid phases throughout the nuclear fuel 
cycle.  Commercial spent nuclear fuel is primarily composed of uranium dioxide (UO2(s)), 
with other actinide dioxides, including plutonium and neptunium dioxide (PuO2(s) and 
NpO2(s), respectively), present as substitutions in the polycrystalline fuel grain matrix3, 113.  
Dioxides are also commonly used as stable storage forms for PuO2(s) and NpO2(s), given 
their predicted thermodynamic stability.  Given their ubiquity throughout the nuclear fuel 
cycle and  profound insolubility9, 10, 64, 72, 85, actinide dioxides are considered an important 
and solubility limiting solid phase for prediction of environment fate and transport of 
actinides.   
Reported aqueous solubility data for actinide oxides vary by orders of       
magnitude9, 85 but reason for such variation has not been adequately explained.  Particle 
size and microcrystalline solids64, 85, as well as amorphous phases9, 128, have been proposed 
as potential sources of discrepancy in aqueous solubility data sets.  The current work 
hypothesizes that such discrepancies are due to surface energy effects of nanocrystalline 
actinide oxides.  This hypothesis is supported by recent advances in high temperature melt 
calorimetry129-131, which have allowed for measurement of surface energy of metal oxide 
materials, including iron132, zirconium133, titanium133, manganese134, and uranium135 
oxides, indicating that phases considered to be metastable in the bulk are actually 
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thermodynamically stable as nanograined solids.  As such, nanograined solids with high 
surface energy may persist, rather than coarsening to lower free energy states, due to spatial 
or kinetic constraints133. While inconsistencies between solubility data sets are 
acknowledged throughout the literature, lack of advanced solid phase characterization, 
particularly imaging of actinide oxide particle morphology and texture, makes it difficult 
to validate hypotheses for sources of variability.  Solid phases used in actinide solubility 
studies are typically amorphous hydrous oxides or hydroxides9, rather than a pure, 
crystalline dioxides.  Precipitation of these materials is achieved through low temperature 
alkaline hydrolysis, where acidic Np(IV) stock solutions are rapidly neutralized using 
NaOH to pH values of 8-1010, 57, 63, 68, 69, 72.  More recent advances in actinide 
characterization techniques have revealed that such precipitates are nanocrystalline 
solids136, 137.   With the advancement in solid phase characterization techniques for actinide 
materials, it is possible to identify if the reactivity differences observed in other metal 
oxides for nanograined solids are also present for transuranic oxides.   
Crystalline actinide dioxides are reliably produced through oxalate precipitation 
and subsequent calcination, which has been the standard and accepted method since the 
1960s when it was first employed for both Np and Pu42, 43.  Early work on actinide oxalates 
and oxide conversion varied oxalate precipitation parameters as well as calcination 
temperature to achieve optimal product for storage and transportation.  This method was 
originally optimized for high chemical yield of actinides, low moisture adsorption, and 
particle size45-48.  Oxalate morphology can be altered through variation of initial 
precipitation parameters (pH, concentration of actinide stock, stirring speed, addition 
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rate)45-50, but most studies claim that morphology is preserved during calcination, 
indicating that the only changes that occur with calcination are a decrease in surface area 
and particle size45, 138.  Given the age of the initial studies, electron microscopy techniques 
were limited, and published electron micrographs are at the scale of microns (1-100s of 
micron)46, 138. More current literature on actinide oxalates and decomposition to oxides has 
focused on identifying phases present during decomposition using thermogravimetric 
analysis (TGA) and high temperature x-ray diffraction139, 140.  Overall, the morphology and 
microstructures of actinide oxides produced through oxalate decomposition, particularly 
for transuranic elements (Np, Pu), are largely unknown.   
Unlike transuranic oxides, UO2(s) microstructures are well-documented, 
particularly the formation of microstructural features. High-temperature annealing, 
commonly performed for fuel pellet production, recrystallizes UO2(s), causing formation 
and migration of grain boundaries in the polycrystalline material141-144.  Grain size after 
annealing is found to be a function of annealing time and temperature, with higher 
temperatures and longer time promoting larger grain size144.  A very recent study on 
nanograined PuO2(s) and ThO2(s), produced through calcination of oxalate precursors, 
identified that increasing calcination temperature increased particle size, as well as 
decreased structural defects in the nanograined solids145.  Microstructures in 
polycrystalline oxides can have effects on dissolution, such as preferential dissolution at 
grain boundaries, which has been reported for CeO2(s)80, 119, ThO2(s)81, and UO2(s)73, 79.  
While grain boundary facilitated dissolution has been recently reported for NpO2(s) 
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characterization146 and evidence for the presence and effect of microstructural features in 
NpO2(s) and PuO2(s) is limited.   
In light of the potential variability in microstructures based on synthesis 
parameters (namely, calcination temperature and time) and the potential effects of 
microstructures on dissolution, more systematic synthesis and characterization of 
microstructural features of transuranic oxides may explain reported solubility data set 
discrepancies.  Given the recent literature on polycrystalline NpO2(s) dissolution 
mechanisms146, corresponding field studies on dissolution and transport from NpO2(s)106 
and significant production of polycrystalline NpO2(s) via calcination at U.S. Department 
of Energy (DOE) Savannah River Site (SRS) for 238Pu targets5, 39, 40, the further 
characterization and dissolution of NpO2(s) has been chosen for study.   237Np is a long-
lived radionuclide that is found both at DOE sites, such as SRS, as well as in spent 
nuclear fuel3.   While highly insoluble under reducing conditions, if oxidized, Np is 
highly mobile in the environment7, 8, 12, making it a risk-driver for environmental 
assessment. 
 
Materials and Methods 
NpO2(s) Synthesis 
NpO2(s) was synthesized via calcination of Np(IV)-oxalate.  Neptunium oxalate is 
a commonly used precursor for NpO2(s)39, 40, 42.  While Np oxalate is typically prepared in 
HNO3, synthesis was performed in HCl matrix to maintain Np(IV) in solution without 
chemical reductants that could potentially alter structure of final NpO2(s). Plutonium(IV) 
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oxalate has been reported to be prepared successfully in HCl147, supporting use of HCl.  
237Np(IV) stock was prepared by bubbling 95% N2/5% H2 gas through radiochemically 
pure Np(V) solution in 1N HCl in the presence of powdered platinum (Pt) black catalyst 
(Alfa Aesar), stirring constantly for 45 minutes, similar to methods used by Strickert et 
al.62 and Nakamura et al.148.  An image of the reduction set-up is provided in Appendix D 
(Figure D.1).  237Np concentration and oxidation state in the stock were measured using 
ultraviolet–visible spectroscopy (UV-VIS) and compared to reference peak locations for 
Np(IV) and Np(V) from Yoshida et al.1.  The final stock solution was 100% Np(IV) and 
had a final concentration of 5.96 mM Np(IV) (Appendix D Figure D.2).   
To precipitate Np(IV)-oxalate, 10 mL of the Np(IV) stock in 1N HCl was added 
to a 30 mL Teflon vial on a magnetic stir plate in a fume hood.  The solution was 
constantly stirred at 500 rpm throughout the precipitation.  Oxalic acid (6.67 mL, 0.25M) 
was added in 148 𝜇𝜇L increments over 45 minutes to reach a final concentration of 0.1M 
oxalic acid in solution.  Precipitation of solid was evident after approximately 20 
minutes.  After complete addition of oxalic acid, solution was stirred for an additional 30 
minutes, then solid slurry was transferred into a 15 mL centrifuge tube and centrifuged 
for 10 minutes at 9000 rpm in a Beckman Coulter C1015 fixed-angle rotor to separate out 
solids >100nm, according to Stoke’s Law95.  A green powder was visible at the tip of 
centrifuge tube (Appendix D Figure D.3) and was transferred into doubly-contained 
porcelain crucibles for calcination.  A small amount of the initial Np(IV)-oxalate was 
reserved for future characterization.  Samples were allowed to air dry for approximately 1 
hour before transferring into furnace. 
 105 
Np(IV)-oxalate was calcined at varying temperatures, ranging from 400-900°C in 
a multi-segment programmable furnace (Thermo Scientific Lindberg/Blue M).  400°C 
was selected as the lowest temperature based on Th and Pu oxalate decomposition 
literature, which indicates that conversion to the pure oxide phase is complete around 
400°C139, 140.  Calcination temperature was increased at 100°C intervals to provide large 
enough temperature steps to ensure distinct differences between samples, and 900°C was 
chosen as the highest temperature because most transuranic oxides (Np, Pu) are prepared 
at a maximum of 900-1000°C39, 40, 43, 46-50, 138, 149.   Samples were first held at 150°C for 1 
hour to fully dehydrate oxalate, then ramped at a speed of 100°C/hour to final calcination 
temperature (400, 500, 600, 700, 800, or 900°C).  Samples were held at final temperature 




 Final calcined products were characterized using scanning transmission electron 
microscopy (STEM) to probe surface morphology and grain size.  After calcination, 
solids were rinsed and suspended in ethanol, then 3 𝜇𝜇L of NpO2(s) suspension was cast 
directly onto a copper-coated lacey carbon grid (300 mesh).  Excess liquid was blotted 
with a Kimwipe from the grid and grids were covered to prevent dust deposition and left 
to dry prior to analysis.   A Hitachi HD2000 scanning transmission electron microscope 
was used for STEM imaging at an accelerating voltage of 200kV.  Initial Np(IV)-oxalate 
was characterized using STEM in the same manner as the calcined NpO2(s).  Average 
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grain size of NpO2(s) was estimated from electron micrographs using ImageJ software 
using measurement of diameter of 100 grains for each temperature.   
 
NpO2(s) Dissolution 
 NpO2(s) produced at 6 different calcination temperatures was dissolved in 
identical conditions to determine the effect of calcination temperature on dissolution.  For 
each calcination temperature, initial mass of dry solid used in dissolution experiment was 
determined gravimetrically.  Dissolution experiments were performed  under atmospheric 
conditions at pH 3 in 0.1M sodium perchlorate.  Between 1-2 mg of NpO2(s) was 
dissolved in 1mL background solution over 10 weeks, held at 25°C and constantly stirred 
on an orbital shaker at 90 rpm.  Initial pH and Eh of background solution were measured, 
then pH of each reaction was measured at each sampling event (average pH across all 
samples was 3.05 + 0.02; data for all replicates in Appendix D Table D.1).  Eh was 
measured over time by proxy in a stored sample of background solution.  At each time 
point, 10𝜇𝜇L was sampled and immediately diluted to 1mL in deionized water, centrifuged 
for 10 minutes at 9000 rpm in a Beckman Coulter C1015 fixed-angle rotor to remove 
particles >100nm according to Stoke’s Law95.  A 0.5 mL aliquot of sample was filtered 
using a Pall centrifuge filter (10kDa MWCO), while the remaining sample was reserved 
as unfiltered.  Both filtered and unfiltered sample were diluted with 2% HNO3 for 237Np 
concentration analysis in the aqueous phase via inductively-coupled plasma mass 
spectrometry (ICP-MS).   
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 A secondary dissolution was performed after 10 weeks of initial dissolution.  The 
aqueous phase from each reaction was removed completely and 1mL of fresh pH 3/0.1M 
sodium perchlorate solution was added to each reaction vessel.  Samples were once again 
held at 25°C and constantly stirred on an orbital shaker at 90 rpm for an additional 10 
weeks during this secondary dissolution.  The 237Np concentration was measured using 
ICP-MS as done in the first dissolution experiment.   
 
Results and Discussion 
 NpO2(s) was calcined from Np(IV)-oxalate precursor at temperatures ranging 
from 400°C to 900°C (Methods in Supporting Information).  Products were characterized 
using scanning transmission electron microscopy (Hitachi HD2000 at 200kV).  Electron 
micrographs showed a strong correlation between calcination temperature and grain size 
of NpO2(s).  As calcination temperature of NpO2(s) increased from 400°C to 900°C, 
grain size increased by approximately two orders of magnitude (Figures 7.1 and 7.2).  At 
lower magnification, individual grains were not visible in the sample prepared at 400°C 
(Figure 7.1, top left).  At higher magnification, individual grains were visible in all 
samples (Figure 7.2), but for samples prepared at 800°C and 900°C, a single grain takes 
up the entire field of view.  Average grain size was estimated to be to increase from 
approximately 11 nm at 400°C calcination to 371 nm at 900°C calcination (Table 7.1).   
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Table 7.1: Average grain size of NpO2(s) based on varying calcination temperature. 
Calcination 
Temperature (°C) 
Average Grain Size 
(nm) 
400 11.05 + 2.78 
500 20.18 + 5.35 
600 44.77 + 29.44 
700 94.14 + 33.90 
800 213.78 + 81.05 
900 371.80 + 126.50 
 
While grain growth due to high temperature annealing is well-documented for 
UO2(s)141-144 and has recently been reported for calcined ThO2(s) and PuO2(s)145, 
comparable imaging has not been previously reported for NpO2(s).  Many of the existing 
micrographs of NpO2(s) and PuO2(s) were taken at scales nearly an order of magnitude 
higher than achieved in this current work, making it possible that many of the previously 
reported materials had similar microstructures that were simply beyond the resolution of 
instrumentation.   
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Figure 7.1: Scanning transmission electron micrographs of NpO2(s) calcined at 400-900 degrees Celsius at 
70.0k magnification. 
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Figure 7.2: Scanning transmission electron micrographs of NpO2(s) calcined at 400-900 degrees Celsius at 
300.0k magnification. 
 
Calcined NpO2(s) materials were first dissolved over 10 weeks at 25 °C (pH 
3/0.1M sodium perchlorate, showing decreased dissolution for solids calcined at higher 
temperature.  After the initial 10 weeks, total dissolved 237Np was two orders of 
magnitude higher for the product calcined at 400°C than for the product at 900°C (Figure 
7.3).  The logarithm of 237Np concentration (molar) exhibits a linear relationship with 
calcination temperature (in degrees Celsius), as shown in Figure 7.3.   
Originally, we speculated that the large differences in Np concentration may be 
the result of an amorphous or non-crystalline phase, which is a common hypothesis for 
solubility differences in actinide oxide literature9, 64, 85.  To test this hypothesis, after 10 
weeks of dissolution, the aqueous phase of each reaction was removed, and the solution 
500°C  600°C  
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replaced with fresh pH/0.1M sodium perchlorate.  If an amorphous phase was present on 
the initial material in varying quantities, dependent on calcination temperature, a 
secondary dissolution experiment after the initial “washing” during first 10 weeks should 
yield similar concentrations of total dissolved Np.  The secondary dissolution data shows 
a two-order of magnitude difference between 400°C and 900°C samples, though all 
concentrations are approximately one order of magnitude lower than the initial 
dissolution.  The trend in the secondary dissolution data with respect to calcination 
temperature is preserved.  The  uniform drop in concentration in the second dissolution 
indicates the present of a small amount of amorphous material in all samples, regardless 
of calcination temperature.   
 
 
Figure 7.3: Aqueous log[Np] after 4 weeks of dissolution as a function of calcination temperature of 




















Rather than varying amounts of an initial amorphous phase, the significant 
difference in total dissolved 237Np can be attributed to free energy differences of the 
materials, stemming from the noticeably variant particle sizes.  Smaller particle sizes, as 
seen in the lower calcination temperature samples (Figures 7.1-7.2), correspond to higher 
surface area and reactivity.  As Navrotsky and colleagues have established with other 
metal oxides, particle size and surface area have a pronounced effect on surface 
energy132-135.  Higher surface area materials, such as nanograined solids, exhibit 
considerable excess surface energy, which is due, in part, to greater amount of surface 
defects with respect to bulk solids.  The correlation between increasing calcination 
temperature and a decrease in surface defects has also recently been established for 
nanograined ThO2(s) and PuO2(s) using spectroscopic techniques145.   As temperatures 
increase during calcination, recrystallization of NpO2(s) decreases surface defects and 
increases particle size, in turn increasing the ratio of crystalline bulk to disordered surface 
bonds.  Thus, NpO2(s) calcined at higher temperatures, which exhibits large primary 
grain size, is more stable and less soluble than the nanograined solids produced at lower 
temperature.   
 This work provides unique nanoscale imaging of the microstructures of NpO2(s), 
along with aqueous dissolution data which implies significant differences in the free 
energy of the material based on calcination temperature and resultant particle size.  
Overall, the data indicate a need to critically evaluate existing thermodynamic data of 
transuranic oxides to account for potential microstructural differences relating to grain 
size and to apply more advanced imaging techniques to future actinide solubility studies.  
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While this study has not measured surface energy of NpO2(s), it suggests an urgent need 
for thermodynamic measurements of highly characterized transuranic oxides using high 
temperature melt calorimetry to elucidate the reason for observed orders of magnitude 
difference in dissolved 237Np and provide quantitative thermodynamic data, as has been 
explored for other metal oxides.  NpO2(s) grain size evidently varies dramatically based 
on preparation conditions, and variation caused significant effect on dissolution, with far-























This work represents a continual refinement of conceptual models on the 
dissolution mechanisms of NpO2(s), starting from field-scale experiments and moving to 
laboratory scale studies designed to address dissolution processes at progressively smaller 
scales.  The projects address the fundamentals of dissolution as a surface-controlled 
process, as well as the environmental implications of such processes.  The first 
conceptual model, before this dissertation began, was that NpO2(s) dissolution was 
controlled by formation of a surface oxidation layer and subsequent dissolution of 
monomeric neptunyl ions (Figure 8.1).  In the first paper, NpO2(s) dissolution and 
transport was measured in field lysimeters, and the initial conceptual model was 
disproved, revealing that the dissolution mechanism of NpO2(s) was more complex than 
expected and involved stepwise release of NpO2(s) nanoparticles.  The second conceptual 
model that grew from this paper described NpO2(s) dissolution as surface oxidation, 
which resulted in release of aqueous and colloidal Np, both of which are mobile in field-







The unexpected production of a Np colloid from NpO2(s) sources prompted 
further questions about the nature of these colloids and how they are formed.  To address 
this, the second paper measured radial Np transport in a field lysimeter and characterized 
alteration of NpO2(s) sources at shorter time scales to identify potential dissolution 
mechanisms.  Radial transport of Np was found to be a function of soil saturation, with 
highly saturated areas having more two-dimensional migration.  NpO2(s) sources were 

















also shown to alter at the grain boundaries of the polycrystalline material, which is the 
proposed source of mobile colloids in field lysimeters.  Thus, the third iteration of the 
conceptual model of NpO2(s) dissolution, stemming from this second paper, was that 
dissolution occurs primarily at grain boundaries and even results in breakage of the 
material, producing both mobile aqueous and colloidal Np.   
Despite the strides made in understanding NpO2(s) dissolution through field-scale 
studies, the dissolution process occurs at the micron to nanoscale and necessitated more 
controlled examination through laboratory scale processes.  Particularly, we were unable 
to ascertain the dissolution rate from NpO2(s) or capture the grain boundary alteration on 
an appropriate time scale.  From this, the third paper measured dissolution of the same 
NpO2(s) used in field lysimeters and monitored solid phase changes over shorter time 
scales in the lab.  The laboratory study confirmed the updated conceptual model and 
provided more detail to refine the model.  Thus, the fourth conceptual model built upon 
the third, stating that NpO2(s) dissolution is a two-step process, where a hydroxide phase, 
which is preferentially contained in the grain boundaries of the polycrystalline solid, is 
easily oxidized and dissolves (Figure 8.2).  As grain boundary dissolution proceeds, 
eventually the polycrystalline matrix loses cohesion and entire grains can break off from 
the matrix, which could result in the colloid transport observed in field scale work.   
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This updated conceptual model reveals the importance of grain boundaries to the 
mechanism of NpO2(s) dissolution and prompted the fourth paper to study the effect of 
microstructures on NpO2(s) dissolution.  The final paper revealed that synthesis 
parameters can drastically alter the grain size of NpO2(s), along with subsequent 
dissolution, suggesting the need for significantly more work on the effect of 
microstructures on transuranic oxides.  Overall, this dissertation has provided detailed 
study of NpO2(s) dissolution, focused on the solid surface, at both field and laboratory 
scale.  Insights from this work may be crucial to explain observed discrepancies in 
actinide oxide thermodynamic data for more accurate environmental performance models 
and indicate the necessity of  similar studies across the actinide series.   























The findings presented in this dissertation generate a number of additional 
knowledge gaps, both in field and laboratory scale studies.  With respect to field scale 
data, existing knowledge gaps include quantification of release rates from Np(V) sources, 
characterization of Np(V) sources during dissolution, and diffusion rate of Np(V) through 
lysimeter soil, particularly during wetting and drying cycles.  Measurement of such 
parameters can assist in development of geochemical and transport models of field 
lysimeters.  Additionally, the measurement of Np transport and comparison of 
environmental degradation mechanisms as a function of NpO2(s) source preparation are 
important future objectives for field-scale study of Np, given the significant difference in 
NpO2(s) morphology and dissolution with synthesis conditions, as shown in the fourth 
paper of this dissertation.    
On the laboratory scale, various questions about NpO2(s) dissolution mechanisms 
still exist, along with questions regarding grain boundary formation and morphological 
control in NpO2(s).  Regarding NpO2(s) dissolution mechanisms, work is still needed to 
uncover the dissolution mechanism of NpO2(s) that is not polycrystalline, including 
single crystal samples and nanoparticles, which presumably would have different 
alteration given lack of grain boundaries.  Furthermore, understanding of NpO2(s) 
dissolution mechanisms would be strengthened by systematic control over aqueous 
chemistry and material properties, including degree of crystallinity, surface area, and 
morphology to develop quantitative relationships for solubility under these parameters.  
The final paper of the dissertation also raised questions about how grain boundaries form 
 119 
in NpO2(s) during the oxalate precipitation and calcination process.  Most simply, 
additional studies of variation in calcination time and temperatures, as well as controlled 
variation of oxalate synthesis, may identify conditions that promote grain boundary 
development.  A more in-depth understanding of grain boundary formation in NpO2(s) 
could be achieved through state-of-the-art in-situ transmission electron microscopy 
techniques, using liquid flow cells to observe Np-oxalate precipitation in real-time, as 

























































The HPGe detector was energy calibrated using NIST standard source of 57Co 
(gamma ray energies of 14.4, 122.1 and 136.5 keV).  The efficiency of the detector for 
the 86 keV peak of 237Np was calculated using a sediment standard spiked with a known 
activity of NIST-traceable 237Np and prepared in the same method and with the same 
geometry as the experimental samples.   The detector efficiency is calculated using the 
equation from Knoll87: 
𝐸𝐸𝐸𝐸𝐸𝐸𝑠𝑠𝐸𝐸𝑠𝑠𝑒𝑒𝐴𝐴𝐸𝐸𝐸𝐸 (𝐸𝐸) =
(𝐴𝐴𝐺𝐺 − 𝐴𝐴𝐵𝐵)
𝐴𝐴 ∗ 𝑡𝑡 ∗ 𝐹𝐹
 
 
Where nG and nB are gross and background counts in the region of interest (86 keV), 
respectively, A is the activity of 237Np in the standard spike, t is the count time, and F is 
the emission fraction of the 86-keV 237Np gamma ray.  The emission fraction for the 86-
keV 237Np gamma ray is 12.4% (Chart of the Nuclides).  The detector efficiency for 86-
keV 237Np gamma ray was calculated to be 11.615%.   




𝐸𝐸 ∗ 𝐹𝐹 ∗ 𝑡𝑡 ∗ 𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝑣𝑣𝑒𝑒 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑔𝑔)
 
𝑁𝑁𝑑𝑑 = �4.65 ∗ �𝐴𝐴𝐺𝐺� + 2.71 
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Where RG and RB are the gross and background count rates in counts per second.  
Effluent samples from the Np(V) and Np(IV) lysimeters were collected quarterly 
for analysis.  Volume of effluent from each sampling period was determined 
gravimetrically, then pH and dissolved oxygen content were measured using a Thermo 
Ross semi-micro pH electrode and a VWR (VWR, Inc.) DO probe.  Samples were 
acidified to 2% nitric acid (HNO3) to remove any ions sorbed to the effluent bottle walls 
prior to analysis of major ions (Na, K, Mg, Ca, Fe) and Np using inductively coupled 
plasma mass spectrometry (ICP-MS).  Concentration of Np measured on the ICP-MS was 
converted to activity of 237Np.   During the 3 years that the Np(IV) lysimeter was 
deployed in the field, no Np was detected in effluent samples.  The Np(V) lysimeter had 
Np breakthrough after 1 year and continued to have increasing activity of 237Np over the 
3-year field study (Figure S3).  Total activity of 237Np released from the Np(V) lysimeter 








Supplementary Figures and Tables 
Table A.1: Selected physical and chemical properties of lysimeter soil. 
Parameter Value 
pH 4.76 
Organic matter (%) 0.90 
Sand/silt/clay (%) 66/14/20 
Surface area (m2/g) 14.1 
Point of zero charge 4.9 
Extractable Fe (mg/) 6.01 


















































Figure A.3: The breakthrough of 237Np from the Np(V) lysimeter shown as the cumulative activity 
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Appendix B 




5TE probes are calibrated to convert dielectric permittivity (DP) to volumetric 
water content (VWC) in the laboratory.   Using known masses of dry soil and water, 
samples are packed to specific bulk densities.  Sensors inserted into samples measure 
dielectric permittivity and measured values are compared to calculated volumetric water 
content to build a linear fit between dielectric permittivity and volumetric water content.  
For sediment and bulk density used in field lysimeter studies, volumetric water content 
relates to dielectric permittivity according to the equation: 
 
𝑉𝑉𝑉𝑉𝑀𝑀 = (0.0245 ∗ 𝑀𝑀𝐷𝐷) − 0.0533 
 Desorption coefficients (Kd) for inner and outer cores of the lysimeter were 
compared to determine if there was a statistical difference between values using a two-
sample t-test, assuming unequal variances and using an alpha of 0.05.  For each segment 
location (51.5 cm, 49.5 cm, 37.5 cm, 27.5 cm, and 22.5 cm from top), inner and outer core 
Kd values were compared with a t-test.  Only 51.5 cm had a P-value less than 0.05, 
indicating a statistical difference between inner and outer core Kd values.  Another t-test 
was also performed using the same conditions to compare Kd values from different 
segments.  The highest 3 average Kd values, from segments 51.5 cm (inner core) and 49.5 
 127 
cm (inner and outer core) were compared to all other average Kd values from all other 
segments and found to have a P-value less than 0.05.   
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Table B.1: Selected physical and chemical properties of lysimeter soil 
Parameter Value 
pH 4.76 
Organic matter (%) 0.90 
Sand/silt/clay (%) 66/14/20 
Surface area (m2/g) 14.1 
Point of zero charge 4.9 
Extractable fe (mg/) 6.01 




Figure B.1: Aerial view of lysimeter testbed at Clemson University 
 
 
Figure B.2: Volumetric water content in field lysimeter at 3 depths within the column over the 9-month 







































𝑁𝑁𝑁𝑁𝑂𝑂2 + 𝑥𝑥𝑂𝑂2𝑂𝑂 
𝑘𝑘1
� 𝑁𝑁𝑁𝑁𝑂𝑂2 ∙ 𝑥𝑥𝑂𝑂2𝑂𝑂 
𝑘𝑘2
� (𝑁𝑁𝑁𝑁𝑂𝑂2)(𝑐𝑐𝑎𝑎)
+ + 𝑥𝑥𝑂𝑂2𝑂𝑂 
 
*assume reactions are non-reversible and that no other reactions occur* 
 




= −𝑘𝑘1[𝑁𝑁𝑁𝑁𝑂𝑂2]  
𝑑𝑑[𝑁𝑁𝑠𝑠𝑂𝑂2∙𝑥𝑥𝐻𝐻2𝑂𝑂]
𝑑𝑑𝑐𝑐








[𝑁𝑁𝑁𝑁𝑂𝑂2]0 = 1.84 ∗ 10−5 𝑚𝑚𝑣𝑣𝑣𝑣  @ 𝑡𝑡 = 0 




=  6.70 ∗ 10−9  @ 𝑡𝑡 = 0 
𝑁𝑁𝑁𝑁𝑇𝑇𝑂𝑂𝑇𝑇 = 𝑁𝑁𝑁𝑁𝑂𝑂2 + 𝑁𝑁𝑁𝑁𝑂𝑂2 ∙ 𝑥𝑥𝑂𝑂2𝑂𝑂 + (𝑁𝑁𝑁𝑁𝑂𝑂2)(𝑐𝑐𝑎𝑎)
+  
 




= −𝑘𝑘1[𝑁𝑁𝑁𝑁𝑂𝑂2]  
∫ 𝑑𝑑[𝑁𝑁𝑠𝑠𝑂𝑂2][𝑁𝑁𝑠𝑠𝑂𝑂2] = ∫−𝑘𝑘1𝑠𝑠𝑡𝑡   
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ln(𝑁𝑁𝑁𝑁𝑂𝑂2) = −𝑘𝑘1𝑡𝑡 − 𝑀𝑀   
[𝑁𝑁𝑁𝑁𝑂𝑂2] = 𝑀𝑀𝑒𝑒−𝑘𝑘1𝑐𝑐      
[𝑁𝑁𝑁𝑁𝑂𝑂2] = [𝑁𝑁𝑁𝑁𝑂𝑂2]0𝑒𝑒−𝑘𝑘1𝑐𝑐   
 




= 𝑘𝑘1[𝑁𝑁𝑁𝑁𝑂𝑂2]− 𝑘𝑘2[𝑁𝑁𝑁𝑁𝑂𝑂2 ∙ 𝑥𝑥𝑂𝑂2𝑂𝑂]  
𝑑𝑑[𝑁𝑁𝑠𝑠𝑂𝑂2∙𝑥𝑥𝐻𝐻2𝑂𝑂]
𝑑𝑑𝑐𝑐
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Supplementary Figures and Tables 
 
Table C.1: Concentrations of major elements, added as chloride salts, in simulated vadose zone pore water 
from Savannah River Site used in dissolution experiment. 







Table C.2: XPS peak fitting parameters 
Sample FWHM G/L Tail  
7/2 5/2 Satellite 
  
Initial 1.75 1.75 1.30 60.00 1 
Dissolved 1.75 1.75 1.30 60.00 1 
Np(IV) control 1.75 1.75 1.30 60.00 1 
































































0.003 0.34 0.03 0.28 0.03 0.18 
0.006 0.39 0.02 0.34 0.02 0.12 
0.018 0.57 0.11 0.45 0.03 0.22 
0.036 0.76 0.12 0.68 0.08 0.11 
0.149 1.14 0.05 1.04 0.15 0.09 
0.298 1.34 0.17 1.10 0.18 0.18 
0.446 1.55 0.19 1.32 0.17 0.14 
1.024 1.91 0.19 1.59 0.22 0.17 
2.024 2.34 0.17 1.91 0.12 0.18 
4.006 2.79 0.42 2.68 0.34 0.04 
8.036 3.96 0.19 2.92 0.34 0.26 
12.02 4.62 0.53 3.49 0.44 0.25 
16.02 4.52 0.01 3.87 0.38 0.14 
20.02 4.80 0.04 4.37 0.11 0.09 
24.02 5.51 0.05 4.51 0.22 0.18 
28.02 4.16 0.93 3.05 0.26 0.07 
32.02 6.02 1.18 3.97 1.02 0.34 
36.02 5.07 0.04 4.49 0.23 0.12 
40.00 5.13 0.08 4.77 0.11 0.07 
 
100 nm 
Figure C.2: Scanning transmission electron microscope images of 
NpO2(s) after 12 weeks of dissolution.   
 134 
Table C.4: XPS satellite distances for measured Np solids. 
Sample Distance to Satellites Δsat. (eV)  
1A 1B 2A 2B 
Initial 6.74 6.68 6.81 6.86 
0.47 0.27 0.16 0.34 
Dissolved 6.34 6.41 6.40 6.58 
0.25 0.64 0.51 0.47 
Np(IV) 
control 
6.51 7.04 6.53 7.13 
0.10 0.06 0.09 0.04 
Np(V) 
control 
10.26 10.61 8.37 10.90 
0.21 0.50 0.55 2.64 
 




Figure C.4: Representative XPS survey spectra.  Survey spectra were collected for multiple regions to 
verify that there was no contamination. At this step size (0.8eV), pass energy, and XY scale, the Np 4f 
signal is not clearly observable because of the small NpO2(s) sample mass compared to embedding resin. 
Survey scans demonstrate sample is predominantly Carbon and Oxygen as expected based on the adhesive 





























Supplementary Figures and Tables 
 




Figure D.2: UV-VIS spectrum of initial Np stock in 1N HCl. 
 
 





























Figure D.4: Kinetic dissolution data for initial dissolution of NpO2(s).  Error bars are hidden by data points.   
 
 
Table D.1: Average pH of solution over time during dissolution. 
Calcination Temperature Average pH 
400 3.222 + 0.073 
500 3.077 + 0.031 
600 3.008 + 0.029 
700 3.017 + 0.027 
800 2.998 + 0.034 
900 2.998 + 0.032 
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